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(1) INTRODUCTION

This final report describes the results of our research on stimulated processes
and phase conjugation in photorefractive crystals. The research supported by this 3-
year AFOSR contract resulted in the publication of 11 papers (in addition to
conference proceedings). Some highlights are: We demonstrated a new technique
for seeing an object buried in or behind a scattering medium using time-resolved
holography. We demonstrated an all-optical switchboard using stimulated, mutually-
pumped phase conjugation in a photorefractive crystal. We explored the use of optical
novelty filters to detect small changes in an optical scene. We invented an electric
field correlator to measure the coherence length of picosecond laser pulses, using
two-wave mixing in a photorefractive crystal. We derived a theory of beam coupling
and pulse shaping of picosecond light pulses in photorefractive crystals. We
developed a new, multiple level model to explain the nonlinear photoconductivity of
BaTiOg3 crystals. We investigated the role of absorption gratings in beam coupling in
BaTiO3 and showed how these gratings can conveniently be used to determine the
density of charge in these crystals. We showed that stimulated processes explain the
curved beam paths observed in mutually-pumped and self-pumped phase
conjugators.
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(2) RESEARCH OBJECTIVES

The original project goals included:
1) Study of real-time holographic interconnections.

2) Study of nonlinear optical devices for position sensing with sensitivity in the
sub-Angstom range.

3) Study of iight-pulse transformation techniques.

4) Study of the photorefractive, piezoelectric, and ferroelectric properties of
important nonlinear optical crystals.

5) Modeling and experimental observations of the dynamics of stimulated
processes responsible for nonlinear optical phase conjugation phenomena in crystals.

All ot these goals have been mel.

In addition to the above projects, we were also able to:
6) Demonstrate a new technique for seeing through a scattering medium using
temporal holography.

7) Complete a review article on photorefractive materials and phase-conjugate
optics for the journal Scientific American.

We describe our results in more detail in the following section, and we also include
reprints of the publications that resulted from this research contract.




(1) RESULTS

1) REAL-TIME OPTICAL INTERCONNECTIONS.

We developed and demonstrated an optical switchboard for interconnecting an
array of optical channels. The switchboard will connect any one of N input channels to
any subset of M output channels. The device uses a photorefractive crystal of BaTiO3
as a mutually-pumped phase conjugator in a "bird-wing" geometry, as shown in Fig. 1.
The conjugator connects two beams incident from opposite sides of the crystal. The
two incident beams need not be coherent with each other, or even be present in the
crystal at the same instant. The device works fine as a 1 to M or as an N to 1 coupler,
so one can broadcast a single channel into many output ports, or feed many channels
into a single output port. However, the device has the following drawback when used
as a full N to M coupler: it broadcasts everyone's signal to everyone else.
Consequently, the different signal would have to be encoded, probably in the time
domain, to make a true N by M crossbar without crosstalk.

Our first-generation device used a 1-mm diameter bundle of single mode fibers.
Light was sent into any one of the fibers in bundle A, and light was also

B
B channels

Lens Lens

Barium titanate crystal

Figure 1: Schematic of interconnection device using a BaTiO3 crystal as

a mutually-pumped phase conjugator to connect elements of channels A
and B.




sent into any one of the fibers in the other bundle B. The two light beams were not
coherent with each other, although they were at the same nominal wavelength of
514.5 nm. The BaTiOg3 crystal connected the two beams using a stimulated hologram
that grew from noise inside the crystal. A typical interconnection throughput was a few
percent, but could be as as high as 50%.

Our second-generation device used a tapered, multimode fiber to scramble the
beams and thereby make the spatial profiles of the two bundies more uniform.
Because the muitimode fiber also scrambled the polarization of the light beams, we
needed to construct a mutually-pumped phase conjugator that would work equally
well for light of any polarization. This device is shown in Fig. 2. The specially
fabricated tapered fiber mixed the signals from all of the A channels just before they
entered the crystal, thereby ensuring a uniform spatial overlap between all of the
various channels in the two fibers. Upon readout, the phase conjugator unscrambled
the beams and directed each beam into its proper output channel. With this

A7 laser
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Figure 2. Optical set-up to demonstrate interconnection of different
channels using a polarization-preserving mutually-pumped phase
conjugator. Different channels are selected by moving the xyz stages to
select different fibers, whose optical signals are mixed in the tapered
regions of the bundles.




arrangement, the transmission of any channel to any other channel had the same
uniform thoughput (about 12%), regardless of which channel was chosen.
These results have been submitted for publication.?

\ OO KA

Beam going

A’“\ to the crystal
1 —

-4

Beam returning
from the crystal

Figure 3: Each input channel enters the tapered fiber A, where it mixes
with all of the other A channels. In the drawing above, only one channel
A4 is input, but it has mixed with the other three channels just before
entering the crystal. The crystal, acting as a mutually-pumped phase
conjugator, keeps track of the relative phases of all (four) A channels,
and directs light from the B channel into only channel Ay.

2) STUDIES OF NONLINEAR OPTICAL DEVICES FOR POSITION SENSING WITH SENSITIVITY IN THE
SUB-ANGSTOM RANGE.

In this work we concentrated on novelty filters, which show what is new, or
novel, in an input image compared with the input's recent history. Novelty filters are an
essential ingredient to the front-end visual system of many animals. Frogs, for
example, use novelty filtering to detect flying insects, while humans use novelty
detection to rid our visual field of the image of the cells located in front of the retina.
Airport controllers use digital novelty filters to rid their radar displays of everything that
is not moving.




At present most novelty filtering uses digital electronics: the current scene from
a video camera is subtracted (in a serial fashion) from a scene stored in memory, (and
at the same the current scene is also serially stored into memory). The difference
between the live scene and the stored scene is serially computed and fed into a video
memory for display.

In contrast to a digital novelty filter, the optical novelty filters we studied use a
real-time holographic medium for the memory. The hologram inherently records the
time-exponential average of the input scene. At the same time, interference subtracts
the stored scene from the live scene essentially instantaneously, with the entire scene
processed in parallel These optical novelty filters are simple and work remarkably
well. An important measure of their performance is the output contrast when the input
changes completely, say, from light to dark. Demonstrations have so far yielded peak
contrasts of approximately 30:1.

We have investigated the use of photorefractive crystals in various geometries
to make optical novelty filters. (Some of these devices were invented previously by the
P. I). We analyzed their filter characteristics using Laplace transform techniques, and
compared the relative advantages and disadvantages of the various geometries.

This review paper has been published in the IEEE Journal of Quantum
Electronics.2

3) STUDIES OF LIGHT-PULSE TRANSFORMATION TECHNIQUES.

(a) Measuring the coherence length of mode-locked laser pulses in real time.

At the end of our previous AFOSR contract we had just invented a new device to
measure the field autocorrelation of a picosecond laser pulse. In this present contract
we pursued the applications of this device, and also analyzed the theory of the device
in detail

Our new device differs from a conventional second-harmonic generation
correlator, in that it measures the coherence length of the pulse's optical electrical
field, as opposed to the duration of the pulse’s intensity envelope. For example, the
pulses from our sync-pumped dye laser have a duration of ~4 picoseconds, but a
coherence length of only ~1 psec. The field autocorrelator works by splitting an
incident pulsed laser beam into two beams. The reference beam travels to a BaTiO3
crystal. The probe beam hits a diffraction grating at grazing incidence, and the beam
diffracted approximately normal to the grating surface is collected by a lens to




intersect the reference beam inside the crystal, as shown in Fig. 4. Different portions
of the probe beam now have suffered different temporal delays. The probe beam
from the grating will experience photorefractive coupling gain with the reference
beam only if it is temporally coherent with the reference beam in the crystal.
Observing the profile of the probe beam with a one-dimensionai detector airay then
gives a real-time measure of the electric field autocorrelation of the incident laser
beam. This field autocorrelator was used to measure the coherence length of pulses
from a mode-locked Nd:Yag laser, as shown in Fig. 5. This device is described in
Applied Physics Letters.3
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Reticon with final image

Fig. 4. Optical field correlator using two-wave mixing in a BaTiO3 crystal.
The diffraction grating encodes different delays onto different portions of
the probe beam.

(b) Theory of beam coupling and pulse shaping of mode-locked laser pulses in a
photorefractive crystal.




We produced an analytic theory of how laser pulses couple and alter their
shapes when traversing photorefractive crystals. We find that the time-average
intensity gain (or loss) of each beam is proportional to the magnitude squared of the
electric-field correlation of the interfering beams at the entrance face of the crystal.
We use this theory to analyze, in detail, the operation of the laser-beam coherence
analyzer described above. Figure 5 compares the measured output from our field
autocorrelator compared to that predicted by our theory; the fit is so precise that it is
almost indistinguishable from the data!
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Fig. 5. Comparison of our theory (solid line) and our experimental data
(crosses) for the field autocorrelation of a picosecond laser pulse.

We also showed that one can alter the temporal shapes of trains of picosecond
pulses by mixing them with other pulses in a photorefractive crystal. The basic
principle is shown in Fig. 6, where two temporally square-shaped pulses intersect in a
BaTiO3 crystal. The crystal transfers energy from one of the pulses to the other
(depending on the direction of the crystal's ¢ axis). The transmitted pulses will have
spikes or notches added to their shapes.
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Fig. 6. Schematic showing pulse shaping by two-wave mixing in a
BaTiO3 crystal. Energy is transferred from one pulse to the other,
depending on the direction of the crystal's c-axis.
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Fig. 7. Pulse shaping using Gaussian pulses with the same spectral
width. The peaks of both beams reach the entrance face of the crystal at
the same time, but the duration of one beam is 10 times greater than that
of the other. The dotted curve is the beam shape before the crystal, the
solid line is after the crystal. [n (a) the crystal is oriented to transfer
energy out of the detected beam. [n (b) the crystal has been oriented to
transter energy into the detected beam.

Our detailed theory predicts the temporal shapes of the output pulses for a
variety of initial pulse durations and temporal offsets. For example, Fig. 7 shows the
pulse shaping that results from two initially Gaussian beams with the same spectral
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width but with very different durations (so that the longer pulse is not transform limited).
A sharp temporal spike can be either carved out of (see Fig. 7a) or grafted onto (see
Fig. 7b) the incident beam, depending on the orientation of the crystal. Suci beam
shaping may prove useful for soliton generation in optical fibers.

This work has been published in the Journal of the Optical Society of America.4

4) STUDIES OF THE PHOTOREFRACTIVE, PIEZOELECTRIC, AND FERROELECTRIC PROPERTIES
OF IMPORTANT NONLINEAR OPTICAL CRYSTALS. THIS SUBJECT FORMED Tt. HEART OF THIS
RESEARCH CONTRACT, AND RESULTED IN FOUR PUBLICATIONS:

(a) Multiple trapping levels in photorefractive crystals:

We show that much of the complicated behavior of photorefractive crystals can
be explained by the presence of more than one level of trapping centers in the crystal.
We show that multiple levels causes the speed of the photorefractive effect to scale
less-than-linearly with the light intensity, thereby solving the decade-old mystery of the
nonlinear photoconductivity of BaTiO3. We also explain why seemingly iden.cal
BaTiO3 crystals can have such markedly ditferent photorefractive behavior. We show
that BaTiOg crystals can be divided into two classes (which we call type A and type B,
which determines their degree of optical linearity, their dark-storage time, and the
dependence of their photorefractive coupling strength on optical intensity. We also
explain why these properties are correlated.

This work was published in Physical Review Letters,5 and a longer, more
detailed article published in the Journal of the Optical Society of America.é

(b) Absorption gratings

A photorefractive crystal having multiple trapping levels will have additional
beam-coupling terms that are independent of the elec’'rooptic effect, including a term
caused by the rearrangement of charges among the different trapping sites at the
same spatial location. These "absorption gratings” prove to be useful for accurately
determining the effective number density of trapping sites in the crystal. Absorption
gratings also complicate the interpretatior of beam-coupling experiments, and, if are
not taken into account, can lead to spurious values for crystal parameters.
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An Optics Letter? discussed the use of absorption gratings for measuring tro-
number density, and a longer article in Journal of the Optical Society of America8
discussed the detailed effects of absorption gratings, and compared our theory and
experiments.

5) MODELING STUDIES AND EXPERIMENTAL OBSERVATIONS OF THE DYNAMICS OF
STIMULATED PROCESSES AND NONLINEAR OPTICAL PHASE CONJUGATION IN CRYSTALS.

Stimulated scattering lies at the heart of self-pumped and mutually-pumped
phase conjugatoers; it provides the small seeding beam that is amplified to become the
phase-conjugate signal. These stimulated light beams oiten follow complicated paths
in the crystal. In this work we show why, under some conditions, the stimulated light
beams appear to follow a curved path in the crystal. In particular, we show thatin a
mutually-pumped phase conjugator the beam path will consist of a multitude of short
line segments that approximate a curve. These line segments result from the
successive bifurcations of the path of the stimulated beams. An example is shown in
Fig. 8, where two input beams are shown to lead to a bridging beam between them,
which then bifurcates again, so as to approximate a curved final path.

This work will be published in the Journal of the Optical Society of America.?

Fig. 8. Beam paths inside a mutually-pumped phase conjugator. The
two input beams come from the bottom left and bottom right. In (a) the
beams meet and interact in the top region. In (b) the system has
spontaneously bifurcated to form a new beam path connected by two
new interaction regions. In (c) the system has bifurcated again. The final
beam path consists of many straight-line segments resembling a curve.

(6) DEMONSTRATION OF A NEW TECHNIQUE FOR SEEING THROUGH A SCATTERING MEDIUM
USING TEMPORAL HOLOGRAPHY.
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Probably the most dramatic (and unexpected) achievement of this research
contract has been the demonstration of a new method for imaging an object through a
scattering material. A patent application for this new process is being prepared by the
University of Southern California. Articles describing this new technique appeared
last spring in the New Ycork Times and the London Economist. The technique would,
in principle, allow one to use visible laser light to look into the human body, so as to
visualize small tumors. It would also let one see through clouds and fog.

The technique is based on the principle that when light travels through a
scattering medium, a very small fraction of the light may traverse the medium without
scattering. This so-called "ballistic light" travels the shortest path and therefore
emerges from the medium first, before the light that has suffered multiple scattering. If
one could selectively view this ballistic light and exclude the multiply scattered light,
then one could see an object through the scattering medium.

Our device uses the information storage properties of spectral hole-burning
materials to selectively view either the early, ballistic light or, if desired, the later,
multiply-scattered light. The technique requires a laser having a short coherence
length to illuminate the object. Light travels from the object through the scattering
medium and strikes the sample of hole-burning material. A separate reference beam
also strikes tire hole-burning material. The two light beams record a "temporal
hologram" inside the material. By directing a reading beam onto the material, a movie
of object beam is recreated. Depending on the direction of the reading beam, the
movie can show only those parts of the object beam that arrived before the reference
beam, thereby preferentially displaying the light that travelled through the object with a
ballistic path.

This Paper was published in Nature,'0 and was picked up by the popular press,
including the Wall Street Journal, the New York Times, and the Economist (London).
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Fig. 9. Set-up for demonstrating temporal holography. Light from a
picosecond laser is reflected off of two objects, with the front object
painted with a strongly scattering material, so as to obscure the image of
the back object. The light from both objects is holographically recorded
in a spectral hole-burning medium at 2° K. When the hologram is viewed
with another reference beam pulse, only light from the rear object is
displayed.
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IV) PUBLICATIONS
Papers published under this contract:

1. X.S. Yao and J. Feinberg, "Photorefractive optical switchboard,” submitted to
Optics Letters.

2. D.Z. Anderson and J. Feinberg, "Optical Novelty Filters," IEEE J. of
Quantum Electronics 25, 635-647 (1989).

3. V. Dominic, X.S. Yao, R.M. Pierce, and J.Feinberg, "Real-Time Measurement
of the Coherence Length of a Modelocked Laser,” Applied Physics Letters,
56, 521-523 (1990).

4. X.S. Yao, V. Dominic, and J. Feinberg, "Theory of beam coupling and pulse
shaping of short optical pulses in a photorefractive crystal,” Journal of the
Optical Society of America-B 7, 2347-2355, (1990).

5. D. Mahgerefteh and J. Feinberg, "Explanation of the apparent sublinear
photoconductivity of photorefractive barium titanate,” Physical Review
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Bi12SiO2¢ and BaTiO3 with shaliow traps,” Journal of the Optical Society
of America B-8, 1053-1064 (1991).

7. R. M. Pierce, R. S. Cudney, G. D. Bacher, and J. Feinberg, "Measuring
photorefractive trap density without the electrooptic effect, " Optics Letters 15,
414-416 (1990).

8. R. S. Cudney, R. M. Pierce, G. D. Bacher, and J. Feinberg, "Absorption
gratings in photorefractive crystals having multiple levels,” Journal ot the
Optical Society of America-B 8, 1326-1332 (1991).
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9. V. V. Eliseev, A. A. Zozulya, G. D. Bacner, and J. Feinberg, "Self-hending of
light beams in photorefractive phase conjugators,” to appear in Journal of the

Optical Society of America-B, February, 1992.

10. A. Rebane and J. Feinberg, "Time-Resolved Holography,” Nature 351,
378-380 (1991).
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Anticles in the popular press about this work:

a) The New York Times, June 4, 1991, "SCIENCE WATCH: Beyond X-rays."
b) The Economist (London), July 13, 1990, "Seeing through people”.

c) The Wall Street Journal, October 26, 1988, "Physicists Who Play with
Crystals see Serious Applications.”

d) The New York Times, February 20, 1990, "SCIENCE TIMES: Magic crystals:
Key to New Technologies?"

e) "Phase conjugation with photorefractive crystals,” an interview with Jack
Feinberg in Lasers and Optronics, June 1990
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Optical Novelty Filters

DANA Z. ANDERSON axp JACK FEINBERG,

MEMBER, IEEE,

(Invited Paper)

Abstract—A novelty filter detects what is new in a scene and may be
likened to a temporal high-pass filter. We review the current status of
optical novelty filters (and related devices) that use four-wave mixing
or two-beam coupling in photorefractive media. A detector that shows
only what is not new (which we call) a monotony filter may be likened
to a temporal low-pass filter. Demonstrations of high- and low-pass and
bandpass temporal image filters are discussed. An analytical treatment
of the two-beam coupling devices is given in a Laplace transform
framework in the undepleted pump approximation assuming plane
wave inputs. This allows a unified trea:ment of the various filter char-
acteristics.

I. INTRODUCTION

NOVELTY filter shows what is new in an input im-
ge compared with the input’s recent history [I].
Novelty filters are an essential ingredient to the front-end
visual system of many animals. Frogs, for example, use
novelty filtering to detect flying insects. Humans also use
novelty detection to_rid our visual field of the image of
the blood vessels located in front of the retina: we con-
stantly move our eyes in small tremors and in rapxd jerky
movements (saccades), and then automatically remove
from the image everything that does not change [2].
Novelty detection using an optical system is similar to
temporal high-pass filtering. However, the final output
sensor (our eyes or a TV camera) detects the optical field
intensity rather than amplitude, and as a result a novelty
filter can produce seemingly peculiar results. For exam-
ple, imagine a quiet lily pond viewed through a novelty
filter. At first the filter displays the pond. In time, how-
ever, the filter adapts to its input and removes the image
of the stationary pond from the output. On the other hand,
a flying bug is a constant stream of newness, so the bug
remains visible. The peculiar feature is that if a frog
should leap from one lily pad to another, the frog would
instantly appear in rwo places: where it is, because it was
not there before, and where it was, because its sudden
absence is just as novel as its sudden presence.
Athough the detection of change in a scene is lmpOl‘-
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tant when it is change that is special, when nearly every-
thing in the scene is undergoing change, then it may be
what is static (or nearly so) that is more interesting. For
example, consider tracking a moving object: we con-
stantly move our attention in the visual scene in order to
keep the object fixed, to keep it un-novel, to keep it mo-
notonous. We call the complement of a novelty filter a
monotony filter. The most celebrated use of the monotony
filter is the detection of the modes of vibrating objects
(even the eardrum). The application of holography to this
purpose using photographic plates long preceded the in-
vention of the optical novelty filter.

A monotony filter behaves like a low-pass filter. To-
gether, novelty and monotony filters are fundamental
building blocks for more general linear processing sys-
tems. Having these functions in hand makes optics a more
attractive potential competitor to electmmcs for process-
ing images.

Consider how we might detect change in a scene using
digital electronics: the current scene from a video camera
is digitally subtracted (in a serial fashion) from a scene
stored in memory and fed into a video memory for dis-
play (and at the same time the current scene is also se-
rially stored into memory).

In contrast, an optical novelty filter uses a real-time
holographic medium for the memory. The hologram in-
herently records the time-exponential average of the input
scene. At the same time, interference subtracts the -ored
scene from the live scene essentially instantaneously, with
the entire scene processed in parallel. These optical nov-
elty filters are simple and work remarkably well. An im-
portant measure of their performance is the output con-
trast when the input changes completely, say, from light
to dark. Demonstrations have so far yielded peak con-
trasts of approximately thinty to one.

In order to encode a visual scene onto a laser beam,
several of the optical novelty filters use a modified liquid
crystal television. These televisions currently have 52 500
pixels in a rectangle measuring two inches diagonally, ana
the televisions are the limiting element for both the sub-
traction speed and the picture resolution in the novelty
filters.

Our main purpose f for presenting thls review is to stim-
ulate interest in these simple but effective optical novelty
and monotony filters. We believe that they can be made
practical, and we hope to see them mcorporaled as com-
ponents in larger systems. - .; . !

_The following section gives a bnef review of the pho-'
torefractive effect, which has been used in all demonstra-
tions of optical novelty and monotony; filters to date. In

0018-9197/89/0300-0635%01.00 © 1989 IEEE
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the second part of that section we investigate the time re-
sponse of two-beam coupling using Laplace transform
techniques in order to bring out the filter characteristics.
(The reader may wish to skip Section II at first reading
and go directly to following sections.)

Our review of novelty filters begins in Section III: the
various systems are taken in more or less the chronolog-
ical order as they appeared in the conference or journal
literature. These devices include: the ring novelty filter
(3], the four-wave mixing interferometer {3]-[5}, the two-
beam coupling novelty filter [6], [7], the transient energy
coupling or bandpass filter [8], the beam fanning filter
{6]. [9], and the image velocity filter {10].

In Section IV we briefly discuss photorefractive mate-
rials for monotony detection (perhaps better known as
time-averaging interferometry). Much of the formalism
presented in Section II-B on filter characteristics carries
directly over to this section by simply changing the sign
of the two-beam coupling coefficient. We close in Section
V with some comments regarding applications.

II. THE PHOTOREFRACTIVE EFFECT

All of the devices described here use a photorefractive
crystal as the active element, and all but one of the de-
vices rely principally on two-beam coupling in the pho-
torefractive material. (The exception is the four-wave
mixing interferometer.) In this section we present first a
brief review of the theory of the photorefractive effect,
and then a treatment of the temporal response of the two-
beam coupling phenomena in the undepleted pump re-
gime, which is particularly amenable to linear systems
analysis of the medium as a filter. Qur review of the pho-
torefractive effect is not a complete one: it is intended to
provide the reader with the general principles so that some
insight into the behavior of the photorefractive filters can
be gained. For more detail, we refer the reader to some
of the excellent work that may be found in the literature.
Glass has written one of the early reviews of the photo-
refractive effect [11]. Much of the current work on the
theory of photorefractive effects attributes its roots to the
work of Kukhtarev and collaborators {12], [13]. A review
of some of the recent applications, materials, and devices
employing photorefractive media has been written by
Giinter [14]. Optical phase-conjugation and two-beam
coupling in photorefractive media is reviewed by Fein-
berg [15]. A very recent collection of works edited by
Ginter and Huinard is a superb resource [16).

A. Two-Beam Coupling: Steady State

Photorefractive two-beam coupling is a result of a re-
markable synergism among several effects. An image-
bearing beam and a reference beam interfere in a photo-

refractive crystal, and the resulting spatially-periodic in--

tensity pattern from these *‘writing’* beams redistributes
mobile charges in the crystal. The static electric field from
the spatially-periodic charge pattern distorts the crystal
lattice, making a phase ‘‘grating’’ or hologram in the

crystal. One of the interesting properties of photorefrac-
tive crystals is that the stored phase grating is, in general,
spatially shifted from the intensity interference pattern. In
this case, the grating will couple the amplitudes of the two
writing beams, so that one beam will emerge amplified
and the other depleted, with the direction of energy cou-
pling determined by the positive direction of the ¢ axis of
the crystal.

The usual approach to photorefractive coupling is to as-
sume that the optical fields are plane waves of frequency
w and having amplitudes that vary slowly as the waves
propagate through the crystal:

E\(r, 1) = 1&,(z) exp {i(k, r— wt)} + c.c. (la)

Ex(r, 1) = 1865(z) exp {i(kz “r—- wl)} +c.c. (1b)

where c.c. means complex conjugate and where we have
assumed scalar optical fields. The input beams are also
assumed to propagate such that the bisector of the angle
between them is defined to be the z axis, and we choose
their plane of intersection as the xz plane. In response to
the interference pattern of the optical waves, the medium
evolves a space-charge field that, in turn, gives rise to a
refractive-index grating that mimics the interference pat-
tern except, in general, for a spatial phase-shift. For con-
venience we define a scalar *‘grating field”’ G (z, t) whose
amplitude is proportional to the amplit -3e An(z, 1) of the
refractive index grating {17]:

G = —iwAn/(2¢). , (2a)

The time evolution of the slowly-varying ainplifudc of G
is governed by the interference of the optical fields [12],
[16]):

ag(az; t) = 7{_9(2’ I) + g SI(ZI)(ZS);(Z)

where v is a decay constant that is approximately propor-
tional to the intensity and I is a coupling constant. The
quantities -y and I’ may both be complex, but in a diffusion
dominated crystal, such as barium titanate with no applied
dc field, they are both real. Expressions for the coupling
and decay constants in terms of the material parameters,
possible applied electric field, and optical geometry may
be found in [16]. In (2b), I(2) = | §,(2){* + | 8x(2)|? is
the total intensity, which may vary along z due to absorp-
tion in the crystal. ‘

In a medium having a large coupling constant T, the
grating changes the optical field distribution, which then
affects the grating again. This mutual interaction between
grating and fields in both time and space is what makes
an analytical treatment so difficult. However, in steady
state, the grating field amplitude clearly becomes

S(z) = 581(11)(:;)2(2)-‘

} @

(3)

e arer o ——  —— ———a————




24
FEINBERG AND ANDERSON' OPTICAL NOVELTY FILTERS

The spatial evolution of the fields may be approached
using the coupled-wave theory of Kogelnik {18]. In a me-
dium with loss constant o the coupled wave equations take
the simple form

ag, «

=1 = - = 4
=58 -3 (42)
d82 . _O% _ g

= G*E, 2 &, (4b)

These can be rewritten in terms of the field intensity and
phase by writing & = I'/%¢'® and by recognizing that
dl/dz = §*dE/d: + c.c. Then the rate of change of the
intensities I, and I, and phases ¢, and ¢, of the two beams
with distance in the crystal is:

% _ g () 1 -t

% = —Re { }I,Ile - al, (5a)
%‘: 1/21m{1‘}lllj12

‘% = I/ZIm{P}fil—Iz' (5b)

The coupling strength I' is determined primarily by the
Pockels coefficient and the dielectric constant of the crys-
tal, and is taken to be real if the refractive index grating
is shifted by 90° from the intensity pattern. Note that for
Re {T'} > 0, beam 1 will grow in intensity with distance,
and that for I; << I, its growth is exponential and is
independent of the intensity of the strong beam I,. Note
also that even for the case I} > I, the strong beam will
still rob the weaker beam of its energy.

Equations (5) were derived assuming the beams are both
plane waves, which is not true if the beams carry images.
Nevertheless, in order to derive some insight into the nov-
elty filter behavior we can solve the above equations re-
taining the plane wave assumption. We shall also assume
that T is purely real and positive, and that there are no
absorption or reflection losses (a = 0). With purely real
T, according to (5b), the phases do not change at all. The
intensities are found by solving (Sa):

L) = L(O) 1T (60)
b0 = 140) ()

where ¢is the length of the beam interaction region,’g =
exp [Re (T')¢] is the coupling gam, and r is the mtensnty
ratio of the mput beams

LY N

o Lo . A
L =r’(T) Lo
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Suppose that beam 2 carries the image. As the coupling
gain g approaches infinity, beam 2 becomes more de-
pleted and its intensity I, approaches zero. What happens
if the image changes? We will look at this in more detail
in the next section, but one can see important features
here. For simplicity, let us assume that r = 1 (equal in-
cident beam intensities). Suppose the phase of the input
beam 2 suddenly changes by 180°, so that the instanta-
neous intensity interference pattern suddenly shifts by half
a wavelength. Before the grating has had a chance to re-
spond, the output from the photorefractive crystal will be-
have as though I had suddenly changed sign. From (6},
the instantaneous change in output intensity, which we
call the contrast ratio C, will be

Loovel 1+¢g
s - 2 8
Calom 1+1/g ®)

In the limit of large gain, C = g. Two-wave mixing gain
in barium titanate can easily exceed 100, and therefore,
s0 can the contrast C. Note that after a whiie a new pho-
torefractive grating will be written; the steady-state inten-
sities will once again succumb to (5a), making beam 2
fade. In the next section we take a closer look at the tem-
poral behavior of two-beam coupling.

B. Filter Characteristics

We have been saying that the novelty filter is something
like a high-pass filter and the monotony filter is like a low-
pass filter. What do they actually do? To answer this
question we need to work with a theory that can treat time
and space simultaneously for the medium. Solymar and
Heaton [19] and Heaton and Solymar [20] described tran-
sient energy transfer in the holographic writing process in
photorefractive c-ystals. Cronin-Golomb [21] extended
their work by allowing one input signal to vary in time to
show the time-differentiating behavior of the two-beam
coupling process. His soiution is derived in the unde-
pleted pump approximation assuming plane wave beams;
unfortunately, a novelty filter that employs a high-gain
photorefractive element typically violates both of these
assumptions. There are many obstacles in the way of
compiling a complete analytical theory. As an example,
consider that in the depleted pump case with nonplane op-
tical beams, the intensity within the crystal varies spa-
tially and therefore so does the photorefractive time con-
stant. To treat the problem fully one would need to include
these spatial variations. e

Since the emphasis hcre is on ﬁlter chanctensucs, we
take a somewhat different approach from Cronin-Golomb
to solving the problem of time-dependent coupling in the
undepleted pump regime. In linear systems theory, La-
place transform techniques are often employed [22]. Here
we introduce the temporal Laplace transform of an input

LT ANEATATYIRATIN G VG0 S0 41§ (IO RO
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neld 01 ):
&(r) = 51:; 10:: e(s)e ds (9~)
with
e(s) = S: E(r)e ™ dr (9b)

where s is a complex frequency s = ¢ + iw. In this case,
the signal is presumed to commence at 7 = 0. The beauty
of this technique is that a filter can be simply described
by a transfer function & s) such that the output ¢'(s) from
the filter is given by a product:

e'(s) = h(s) e(s)
so that the output signal & (1) is given by

£(1) = —

270 Jo-im

(10)

o+

R(s) e(2) e ds. (1)
High- and low-pass filter characteristics correspond to the
location of the various zeros and poles in the transfer
function.

We wish to find A(s) for the two-beam coupling pro-
cess. We start with the ficlds of (1) except that now beam
1, the image carrying beam, is allowed to have a spatially-
varying amplitude that also varies slowly in time.

E(r.1) = Re {81(2. 1) exp {i(k. r- wl)}}. (12)

In the undepleted pump approximation the pump field &,

does not vary with distance. For the signal field, as in (4a)

but now ignoring loss (a = 0):
a8, -

— = G¢&,

% G&,.

No»\} recall (2) for the evolution of the granng amplitude:

———ag(a”;' ) _ 7{-9(@ 1) + 1;8 e) £3) } (14)

(13)

1(2)

With I, >> I,, we may replace 1(z) = | €,|%. We may

also use (13) to eliminate G from (14):

€ (2, 1) _ ( 38(z1)
araz "W

In the subsequent discussion, we shall drop the subscript
from &. In order to solve this mixed differential equation,
we invoke our Laplace techniques and transform both
sides of (15). With this transformation, time differentia-
tion corresponds to multiplying by s in the transfonned
.space Thus(lS) bccomcs - N N T

+ - 8(z.1)] {15)

B ’ a,(z. s) a,(z. s) }

. ! % 1{ e (z. s) (16)
or ,\_‘-,,;-.; A T e
";‘,‘»“q vr a.(z. S) (Z s) - “".(]7!)

dz 2(s + )

This has the solution

. _ Iz
elz.5) = (N, s)exp {2—————(5 " 7)] (18)
with ¢(0. s) given by the transform of £ (0, 1):
(0. 5) = ! £(0. r)e™ dr. (19)
0
The inverse Laplace transform evaluated at 2 = (gives us
the output of the filter:
] g~ 7r‘p .
&t 1) = Tai go-: (0, 5) exp {-—(—_‘_—7—)2 e ds.
(20)

For any particular (0, s) (20) can be integrated uvsirg the
method of residues [23] after expanding the first exponen-
tial as a Taylor series. Here we are r-ost interested in a
filter function that represents the behavior of the device.
Evidently, the photorefractive medium’s transfer function

R(s)is
re
A(s) = exp zzTgT;‘)}

Setting s = iw we see that A (iw) is in fact a high- or low-
pass filter as Re {TI'} is greater than or less than zero,
respectively. That is, the magnitude of the exponent is a
maximum for w = 0 and tends to zero as w — o. The
interpretation of the transfer function is really quite sim-
ple. For real I" we recognize £(/0) = exp {I'¢/2} as the
steady-state (amplitude) gain for the signal. The exponent
itself, not simply the signal amplitude, has a pole at a
cutoff frequency given by the decay constant. Therefore,
the signal gain changes very rapidly for frequencies near
the cutoff frequency. For reasonably large I'f the filter
rolloff is strong indeed. The magnitude and phase of the
transfer function for I'¢/2 = ~10and ¥ = 1 is shown in
Fig. 1.

Having the transfer function in hand, the contrast is
given by the ratio of the transfe: function at as w — = to
that at w = 0. For the novelty filter (Re {T'} < 0):

R(ioo) : -
&(i0)|

(21)

v
_ ‘novel __

=g (22)

Iold

w~hich is the same result obtained earlier for two-beam
coupling including pump depletion for equal input beam
intensities and in the limit of large gain. Simply reversing
the sign of the coupling coefficient gnves the transfer func-
uon for the monotony filter.’

v lll OrTICAL Novmv FILTERS ,. - ..

As history would have it, the earliest demonstrations of
adaptive optical novelty filters were the: most' compli-
cated; the more recent demonstrations are considerably
simpler. What distinguishes one novelty filter from an-
other is the method used to read out the hologram stored
in the crystal, and whether or not the device takes advan-
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Fig. 1. Transfer function for two-beam coupling in undepleted pump ap-
proximation. The angular frequency is normalized to |7} (2) Gain (mag-
nitude), (b) phase. These curves correspond to I't/2 = —10, y =1,
showing a novelty detection characteristic. The monotony filter charac-
teristic can be obtained by changing the sign of the ordinates.

tage of the two-beam energy coupling described above.
Perhaps the first demonstration of the use of wave mixing
in a photorefractive as a two-dimensional image filter was
. by Jahoda et al. [24), who made a Michelson interfer-
meter having one phase-conjugating mirror (25]. A rap-
“a varying phase disturbance in the phase-conjugating
arm. of the interferometer would affect the pattern of out-
- put fringes of the device, while slowly-varying distortions
would not. However, there was nothing to guarantee that
the output would become a null in the absence of a time-
. varying signal. The novelty filters described produce a

relatively null output (defined by the contrast) when noth-
ing is moving or changing in the scene.

A. The Ring Novelty Filter ..

* The first optical novelty filter sprang from the observed
behavior of a ring resonator that used a photorefractive
medium in place of a conventional mirror [26]. The out-
put from this ring tends to zero at steady state [3]. How-
ever, a sudden change in the resonator length was ob-
served to produce an intense output. The ring resonator
can be made into a novelty filter by placing a spatial light
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modulator inside the resonator cavity {5} as shown in Fig.
2. The spatial light phase modulator is connected to a
television camera, so that it encodes a live phase image
onto the transmitted laser beam. The beam transmitted
through the modulator is deflected by mirrors to reenter
the crystal and intersect the original beam. These two
beams create a volume phase hologram inside the photo-
refractive crystal, which in barium titanate is spatially
shifted from the intensity patten by 90°, and so couples
the amplitudes of the two beams. The crystal’s ¢ axis di-
rection is chosen so that energy is coupled from the inci-
dent beam into the ring resonator cavity. Energy then
builds up inside the resonator. Because the ring resonator
can store energy, the intensity inside the ring can be
greater than the incident intensity. The two-beam coupled
wave equations (5) can be solved for the ring by requir-
ing, in steady state, the intensity after one round-trip in
the ring to be the same as its initial value. The solution
shows that the ratio of the intensity circu’ating in the nng
to the incident intensity is given by the buildup parameler

b (3]:
b= %u”{[l +4 ILZ F,L] - 1} (23)

where L is the total round-trip intensity loss of the loop
(including the crystal losses),

L=1-Rexp(—af). (24)

R is the net round-trip effective reflectivity of the com-
bined optical elements in the ring (including the spatial

coefficient of the photorefractive medium having length ¢,
as before. In the limit of large coupling, the buildup be-
comes independent of the coupling strength I':

1-L
I
(Here the coupling is considered large when exp (I'¢ >>

(1 — L)/L%.) On the other hand, the light at the output
of the loop is

b=

(25)

1 1 +5b
2
1 -L
- -(_RL—l e Minciden (27)

which goes to zero for large coupling [3]. If a portion of
the beam in the ring changes phase by 180° (giving the
maximum possible signal), that portion will appear inten-
sified at the output. The resulting contrast is the same as
for the two-beam coupling case:

DI C-Inovel/lo!d=¢r . \ .

"In pmctnce the ring is a rather awkward geometry be-

“‘¢cause the incident light must be expanded after tmvcmng
f’JJN&!&@:FQ‘,‘ . m
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Fig. 2. Ring resonator with a holographic mirror used as » novelty filter.

the photorefractive crystal to the dimensions of the LCTV,
then reduced to enter the crystal again.

B. Four-Wave Mixing Novelty Filter

A more practical geometry, demonstrated by Anderson
et al. (4}, uses four-wave mixing in an arrangement iden-
tical to that used to demonstrate optical phase conjuga-
tion. As shown in Figs. 3 and 4, two variations are pos-
sible. In one case an incident plane wave is divided by a
beamsplitter. One resulting beam passes through an op-
tical phase modulator that contains a picture of the live
scene. Both beams are subsequently incident on the same
phase-conjugating mirror {15], [16). The conjugator gen-
erates the phase-conjugate beams, which propagate back
towards the beamsplitter. Under steady-state conditions,
the information on the one phase-conjugate wave is ex-
actly cancelled by its return trip through the phase mod-
ulator, so that it emerges as a plane wave. In steady-state,
the two phase-conjugated beams coherently recombine at
the beamsplitter so as to travel back into the light source,

. with no light going into the ‘‘output port’* of the beam-
light phase modulator), and « is the intensity absorption

splitter. This can be explained by drawing upon the anal-
ogy between phase-conjugation and time reversal {27]:
since no light came into the output port of the beamsplit-
ter, no light should leave this port. However, if the image
on the modulator changes in a time faster than the re-
sponse time of the phase conjugator, the beam emerging
from the modulator will not be a plane wave. In particu-
lar, the wavefront will be altered for those locations in the
modulator that are changing in time, and there will be an
instantaneous signal at the output port of the beamsplitter.
After the medium has had time to respond, the output
fades again.

A second implementation of the four-wave mixing nov-
elty filter uses a polarization modulator instead of a phase
modulator to impress a polarization-encoded image onto
the beam. The liquid-crystal display from commercially
available hand-held televisions is inherently a polariza-
tion modulator. (Liquid crystal televisions use two be-
tween sheet polarizers in order to make the display mod-
ulate the intensity of the light). The configuration shown
in Fig. 4 uses the liquid crystal display’s polarization
characteristics [28]-[30}. An incident polarized plane
wave is transmitted by the first polarizing beamsplitter.
The beam traverses a liquid crystal display sandwiched
between a pair of waveplates. The transmitted beam is
then sent into & phase conjugator deslgned to accommo-
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output screen ——o

iaser >

spabal phase
modulator

camera

optical phase
conjugator

Fig. 3. A phase-conjugating novelty filter using a phase modulator in a
self-aligning interferometer configuration.

Output screen c—=

polanzing
beam spiitter

spatial polarization
modulator

optical polarization
conjugator

Fig. 4. A polarization-conjugating novelty filter using a polarization mod-
ulator and two polarizing beamsplitters.
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date any polarization [31]. (The beam is first divided by
a second polarizing beamsplitter into two linearly-polar-
ized components. Since a photorefractive phase-conju-
gator will only conjugate one component, a haif-wave
plate is used in one arm to rotate the polarization 90°.
The two beams are separately conjugated and then recom-
bined at the polarizing beamsplitter). The conjugate beam
passes backwards through the modulator, and back to the
first polarizing beamsplitter. In steady-state the light re-
turning to the first polarizing beamsplitter will have its
original polarization intact, and so the beam will be sent
towards the laser. However, any sudden change in the im-
age will alter the polarization of the beam returning to the
first polarizing beamsplitter, and so that part of the image
will be deflected into the output port.

It is interesting to note that in both systems, whxle the
output from the beamsplitter or the polarizing beamsplit-
ter shows the novelty of the scene, the light that propa-
gates back toward the laser carries the monotonous infor-
mation. This information can be observed with an
additional beamsplmer placed directly in fmnt of the plane
wave source. .

Anderson ef al, used a barium titanate crystal as self-
pumped phase conjugatmg mirror in the configuration of
Fig. 4 [4], (33]. In order to obtain a quantitative mea-
surement of the performance of the system, a Pockels cell
was substituted for the spatial light modulator. The Pock-

els cell produced a uniform polarization change across the
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entire beam, so the "‘image’’ only had one pixel. Fig. §
shows an oscilloscope trace of the results. The lower trace
is the Pockels cell voltage: it is simply stepped on, then
stepped off. The step height is the half-wave voltage of
the cell, which produces a 90° polarization rotation of the
transmitted beam. The upper trace shows the output in-
tensity from the interferometer (note that the intensity
scale is inverted). The output intensity rises immediately
with the voltage step, then decays as the phase-conjugator
adapts. The output has essentially the same response to
the step down of the Pockels cell voltage. The observed
decay time constant of ~0.25 s was obtained using ap-
proximately 0.5 W /cm? total light intensity incident on
the barium titanate crystal. The contrast indicated in the
figure is about 15: 1.

Fig. 6 shows experimental results in which a commer-
cial LCTYV is used as the spatial polarization modulator.
In the figure, the input image is the phrase ‘*‘NOVELTY
FILTER," which was produced by a character generator
driving a video camera. Fig. 6 shows that the image can
be seen only when the character generator is turned on or
off. Note that any change in the image will appear in-
stantly, because the speed of the phase conjugator deter-
mines only the time required for an unchanging image to
fade, but not for a changing image to appear.

The two-beam coupling treatment presented in Section
II is inadequate to describe this interferometric novelty
filter having a self-pumped phase-conjugating mirror. We
can, however, make the following qualitative observation
that this novelty filter acts like a bandpass filter. For sim-
plicity, first consider what happens for a plane wave input
(no image). The return beam relies on a grating generated
in the photorefractive medium, which has a finite time
response. If the input wave changes slowly, then the pho-
torefractive medium tracks the change and there is no out-
put from the novelty filter. If the input wave changes very
rapidly, then no grating can form, and once again there is
o output signal. Only if the input beam changes in a time
comparable to the photorefractive response time will there
be an output signal. (This is in contrast to the two-beam
coupling novelty filter described below, in which a very-
rapidly-varying input simply propagates undepleted
through the crystal to the output port). For the general
case of an arbitrary input image to a self-pumped phase
conjugator, it is not simple to describe the behavior of the
device. The gratings within the photorefractive medium
are formed with many interacting parts of the image. If
only a small part of the image is undergoing change, then
the device seems to behave as a bandpass filter. However,
if too much of the image is constantly undergoing large
change, then self-pumpmg wlll cease. and the entme out-
put will disappear.” - - o

The contrast of the four-wave mixing novelty ﬁlter does
not depend upon the coupling constant of the crystal alone.
Two signals are subtracted at the (polarizing) beamsplit-
ter. If the phase-conjugation is perfect, the contrast is in-
finite. The interferometer configurations are therefore well
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Fig. 5. Oscilloscope trace of the time response of the novelty filter of Fig
4. Lower trace shows the voltage on a Pockeis cell polarization modu-
lator. The step corresponds to 90° polarization rotation. The upper trace
is the output from the output beamsplitter showing approximately ex-
ponential decay after the initial response to the step change in polariza-
tion.
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: - . Fig. 6; Results using the novelty filter of Fig. 4. (a) The character gen- °
J.e 15 erstorinputs a new message, which appears instantly. (b) A few seconds - - ¢
have clapsed, and the image has faded because it is no longer novel. (¢} - - . ’
o The message is suddenly removed, and is therefore immediately seen. . .
- = VT (d) A few seconds have clapsed, and the message's disappearance is rio °
. longer novel. .
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suited to perform novelty detection with any four-wave
mixing medium. In particular, one is not {imited to pho-
torefractive maternials, with their large gain but slow re-
sponse, and instead could use other nonlinear optical me-
dia such as sodium vapor or laser dyes.

C. Two-Beam Coupling Novelry Filter

Cronin-Golomb er al. demonstrated an elegantly simple
novelty filter that uses two-wave energy coupling [6]. Fig.
7 shows the image-bearing beam and a reference beam
intersecting in a barium titanate crystal. Due to the 90°
phase shift between the intensity interference pattern and
the refractive index pattern in this crystal, in steady state
the image-bearing beam transfers energy to the reference
beam and emerges from the crystal severely depleted. If
the image-bearing beam suddenly changes, the energy
coupling is momentarily defeated, and the transmitted im-
age becomes more intense by the factor derived in Section
II:

C Inovcl Er{.

- Iold

Here again the coupling strength T' is here taken to be
real.

A physical explanation for the two-wave mixing deple-
tion of the image beam is destructive interference: the
transmitted image beam and the deflected reference beam
destructively interfere on the output screen. The output
screen, then, always contains two superimposed images:
the real image transmitted through the crystal, and the
holographically-reconstructed image produced by the de-
flected reference beam. In the steady state, these two im-
ages are of nearly equal amplitude and 180° out of phase
with each other, so that they tend to cancel. If either of
the beams is altered, the destructive interference is
thwarted, and the screen becomes bright. Note that in
contrast to the four-wave mixing novelty filter, the image
can be in the form of either phase or amplitude modula-
tion (or both). (However, any steady-state polarization
change in the image-bearing beam will not be canceled in
the output beam.)

D. Bandpass Filter

Our analysis in Section II-B of two-beam coupling in
photorefractive media assumed real coupling coefficient I’
and decay constants y. In this case the transfer function
shows that at steady state the output is a minimum for the
novelty filter or a maximum for the monotony filter. This
same analysis can be extended to the case of complex cou-
pling and decay constants, but the response of the medium
to input signals can be substantially different from the case
of real-valued coefficients. In particular, in a material
having purely imaginary coupling I', in steady state there
will be no energy coupling between beams. However,
coupling can take place as a transient phenomena. Kwong
et al. realized that a novelty filter could be based upon
this effect and demonstrated the concept in a crystal of

re'prence beam

outdut
mage

spata: hght
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Fig. 7. A novelty filter that uses two-wave mixing to depiete energy from
the image-beanng beam.

BSO (Bi,.S10.,) [8). Kwong er al.’s device has a band-
pass characteristic, as we shall see. This is a significant
addition to the very short list of photorefractive linear
processing elements. Vachss and Hesselink used the
bandpass characteristic to implement a velocity selecting
novelty filter (discussed in Section 1I1I-G).

Recall the two-beam coupling transfer function:

r
R(s) = exp {i(%:?}

For purely imaginary coupling I', we see that for dc sig-
nals (s = Q) there will be no amplitude change of the
input signal, only a phase change. It is also true that there
will be no beam coupling, even in the transient regime,
when the signal and pump intensities are equal [34], [35],
{14]. However, there can be transient energy transfer if
the signal and pump beams have unequal incident inten-
sities, and energy will always flow from the stronger to a
weaker beam. We will use the undepleted pump regime
for the analysis of this problem.
To account for its complex nature let us write

(28)

Y Y +oiw,.

With this notation the transfer function becomes

re v +iw
R(s) = exp {— ——7——7—-}
. 25+ +iw,
re 1
=exp) > — ! (29)
I+ —
Y + 1w,
Setting s = iw, the tmnsfer function has maximum gain
when w = |y| = (y? + «?)'/". Gain falls off on either

side of this frequency. For drift dominated materials, we
can set Re {I'} = 0. (This is essentially the case for a
BSO crystal with a large applied dc field.) With T as
purely imaginary, at dc and at high frequencies the me-
dium simply passes the input signal. Fig. 8 shows the
bandpass transfer function forT'¢/2 = 0 + il10and v, =

=1/ V2. It is natural to define a contrast as the max-
lmum intensity gain (smce thc gam at w=0 and as w —*
o is unity ):

A(""m)
%(10)

|

ex;, {;W—Im {r}}. (30)

Kwong et al.’s optlcal an'angcment ir basically the same
as for the two-beam coupling novely filter. An electric
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Fig. 8. Bandpass characteristic transfer function of transient energy cou-
pling. The angular frequency is normalized to [y]. (a) Gain (magni-
tude), (b) phase. Curves a plotted for T'¢/2 = 0 + 10, v = (1 +
i)/ V2.

field is applied along the ¢ axis of the BSO crystal so that
migration of charges is dominated by drift rather than by
diffusion. A small beam crossing angle also enhances the
effect.

E. Beam-Fanning Novelty Filter

. Ford et al. [9] demonstrated what must be the world’s
snmplest novelty filter (as suggested by Cronin-Golomb et
al. [6]). It uses only one input beam into a barium titanate
crystal. The device is similar to that of Fig. 7, except that
the pumping beam is replaced by amplified scattered light
(beam fanning) from the single incident beam. Two-wave
mixing with this scattered light inside the crystal depletes
the stationary portions of the transmitted beam, so that
only the changing portions of the scene are transmitted.
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This device requires a large two-beam coupling gain,
which is obtained by using a crystal of barium titanate
specially cut so that its input and exit faces are oriented
at a 45° angle to the ¢ axis of the crystal, thereby taking
maximum advantage of the large r;; Pockels coefficient
of barium titanate. Depending on how the input image is
focused into the crystal, this device 1s sensitive to changes
in the amplitude, phase, wavelength, or polarization of
the incident beam.

F. Microscopic Novelty Filter

Cudney er al. used a two-wave mixing scheme to con-
struct a novelty-filtering microscope [7]. Instead of using
a spatial light modulator to encode an image onto a laser
beam, the microscopic organisms themselves served as
optical phase and amplitude modulators. Fig. 9 shows the
optical setup, in which a pair of microscope objectives are
used to focus and then image the incident laser onto the
barium titanate crystal. The intensity of light on the sam-
ple can be made quite weak (less than the intensity of
ordinary sunlight). The measured contrast ratio was 30:1,
and the spatial resolution was a few microns. In Fig. 9
the images of the moving protozoa can be seen, while the
image of the stationary algae are largely removed from
the scene. (Note however, that any birefn'ngent algae will
not be blocked out, as can be seen in an 10 )

G Velocity Selecting Novelty Detection

Once the connection is made between novelty and mo-
notony detection and high- and low-pass filtering, the
challenge is to construct more interesting devices. Vachss
and Hesselink used a BSO crystal as a bandpass filter to
construct a velocity-selecting novelty filter [10]. Their de-
vice is more than just an extension of the two-beam cou-
pling filters described here. They recognized that an im-
age undergoing translational motion gives rise to moving
grating components generated by effective frequency
shifts between writing beams. In the previous section we
saw that with purely imaginary coupling, the maximum
signal response frequency occurs w = |y]|. Hence, mo-
tion in the image plane giving rise to frequency shifts in
this range will yield an enhanced output. As with Kwong’s
work, Vachss and Hesselink’s experiment was done using
a BSO crystal with an applied electric field. However, for
signal output they use a harmonic of the grating generated
by the usual two-beam interaction in a photorefractive
material. The harmonic gratings are due to nonlinear pro-
cesses in the photorefractive medium and have grating
wave vector magnitudes k = nk,. A harmonic grating must
be read out by a separate laser since it will not be phase
matched with either of the writing beams.

Vachss and Hesselink have shown that a higher order
grating is more sensitive to the dynamical properties in-
volved, that is, a sharper frequency response can be ob-
tained than with the fundamental grating [36]. However,
the enhanced sensitivity is at the expense of a decreased

resolution permitted by the second-order gratings [10],
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Fig. 9. A microscopic novelty filter using the organisms as living spatial
light modulators.
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Fig. 10. Images of swimming protozoa viewed through the microscopic
novelty filter of Fig. 9. (a) The novelty filter is off, and the protozoa and
the stationary background are both visible. (b) The novelty filter is turned
on, and the background is now removed.

[36]. The transfer function that we derived above for the
two-beam coupling interaction will need to be modified
to account for these altered properties and to account for
the separate reading beam. Without having to actually
know the equations of motion for the higher order grating,
we can anticipate the qualitative features to be similar to
the casc of transient energy transfer from the fundamental
grating. The signal frequency for maximum rcsponsc
however, will no longer be for w = |y}, but w = w, /n?
for the nth harmonic grating [10]. In this geometry, the
output signal maximum evidently occurs for a maximum
grating amplitude, not for maximum energy transfer be-
tween the writing beams.

To see how the frequency shift comes about from a
moving image, Vachss and Hesselink allow a plane wave
with vector amplitude &, and propagation direction k, to
illuminate the object with two-dimensional transmittance
t(r). The resulting beam interferes with a second plane
wave in the medium. The total field amplmlde is thus.

» *

E(r) = ,t(r) exp[ (k, s r - w))
- . + €, exp [x(kz‘ r= ~wt)]. . (31)
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so that the intensity at the input is
2 2 2
I(r) = (& [t(n)]" + [&] + (& - &51(r)
- exp [i(k, = k2) - r] + c.c.). (32)

This can be written in terms of the field intensities I,, I,
and the two-dimensional spatial Fourier transform @ (k)
of t(r):

1(r) = L]1(n)|" + I, + 2VIL{ @)
-exp [i(k + kg) - r] + c.c.} (33)

where kg = k, — k, is the grating wave vector. If the
image is moving with velocity V then t(r) becomes re-
placed by 1(r — Vr). Now (33) becomes

I(r) = L]e(r = V)| + 1 + zﬁ?{a(k)

-exp( [(k + kg) - (r—-'\?t)]+cc)}
(34)

Vachss and Hesselink point out that this shows that the
component of the image with spatial frequency k induces
a grating component having frequency |k + kg| moving
in the positive (k + k) direction with velocity

(35)

The motion may also be thought of as inducing a fre-
quency shift, w(k) = k - V.

It is also true, however, that many combinations of k
and ‘V give rise to the same frequency shift—there is no
direction sensitivity to the velocity at this point. Further-
more, an amplitude modulated image has symmetrical
sidebands in @ (k), one of which will be deenhanced by
about as much as the other is enhanced by the transient
coupling process. The two together will tend to cancel the
desired effect. To avoid these problems, Vachss and Hes-
selink placed a knife-edge in the Fourier plane of the ob-
ject. The knife-edge eliminates one set of sidebands in the
spectrum and provides a degree of direction sensitivity to
the system.

Fig. 11 shows the image of a resolution chart that is
translated at three different speeds. The middle photo-
graph shows enhanced response over the other two.
Vachss and Hesselink also demonstrated the system’s
sensitivity to direction [10].

IV. MoNoTONY FILTERS

One can also make an all-optical device that selectively
displays only the stationary portions of an image. Such a
device can be called a ‘‘monotony filter,”’ because it
highlights only objects that are motionless and unchang-
mg All the devices so far discussed except the beam-fan-
ning one have a monotony port as well as a novelty port.
In the two-beam coupling cases it is simply a matter of
reversing the roles of the input beams, so that the two-
wave interaction amplifies instead of depletes the image-
bearing beam. In the development of Section II, one need
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Fig. 11. Qutput from velocity selective novelty filter. An image is trans-
lated at three different velocities. The middle velocity gives rise to an

enhanced output.

Fig. 12. Images of a vibrating loudspeaker seen through a monotony filter

only reverse the sign of Re {I'} to make a monotony fil-
ter. Now only the stationary parts of the image will be
amplified, because the changing portions of the image do
not form efficient holograms, and so do not become am-
plified. In the four-wave mixing interferometer versions,
the monotonous portion of the filter is always present and
propagates back toward the light source. Note that in the
novclty ﬁlter any new features show up instantly, while
in the monotony filter any morotonous features show up
only after a photorefractive response time. -~ " .

* Marrakchi ef al: used a four-wave mixing geometry to
make a monotony filter [37]. The image-bearing beam was
reflected off of a'vibrating loudspeaker (whose cone had
been sprayed with reflecting white paint) into a photore-
fractive crystal of BSO. A reference beam mterfered with
the neﬂected bean in the crystal; and formed ‘a Rologram’

with only the stationary parts of the vibrating image. The
hologram was read out by a third beam, counter-propa-
gating to the reference beam. The images are shown in
Fig. 12, where the standing wave patterns of the loud-
speaker cone are clearly visible. This dynamic application
of holography has also been demonstrated using a BTO
crystal by Kamslulin ez al. {38] and using a SBN crystal
by Kukhtarev er al. [39].

. V. CONCLUSION’

Wc have dcscnbed a number of all-optical devices that
can process an entire image in parallel, and display either
the novel or the monotonous portions of a scene. These
devices use a photorefractive crystal as a holographic
memory. We sum up the present optical novelty filters
with the following practical observation: in any applica-
tion for which the required adaptation time is on the order
of many milliseconds to seconds, the two-beam coupling
version is the best because of its simplicity and perfor-
mance. In order to perform well, it requires a material
with a high coupling constant, and such materials (e.g.,
barium titanate, strontium barium niobate) are available.
However, these materials are always slow. Faster mate-
rials having lower coupling efficiency can be used in the
four-wave mixing phase-conjugating geometry. It would
be interesting to try this configuration using sodium vapor
or another fast nonlinear medium.

The devices we have described are simple but effective
all-optical processors that extract the temporal changes
from a two-dimensional input. They are dedicated optical
computers that can transform an entire scene in parallel.
Because they are simple devices, we believe that they may
be easily developed further. Vachss and Hesselink's work
with the velocity-selecting novelty filter is a step in this
direction. The filters discussed in this review have high-
pass, low-pass, or bandpass filter characteristics. These
are fundamental processing primitives that can be com-
bined to perform complex operations. The other ingredi-
ent essential to processing is nonlinearity (although the
filters use nonlinear elements they are performing linear
operations). We anticipate that these linear functions will
be united  with the appropmte' optical and/or clectromc
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nonlinearities to make more sophisticated optical proces-
sors,
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Measuring the coherence length of mode-locked laser pulses in real time

Vince Dominic, X. Steve Yao, R. M. Pierce, and Jack Feinberg
Depariments of Physics and Electrical Engincering, University of Southern California, Los Angeles.

California 90089-0484

(Received 11 September 1989; accepted for publication 25 November 1989)

We demonstrate a new technique for displaying the electric field autocorrelation function of a
laser pulse in real time, using two-beam coupling in a photorefractive crystal. This technique
can be used over the entire visible and near-infrared regions of the spectrum, even with weak
laser beams, and is automatically self-phase matched.

The coherence length of a laser pulse can be measured
by interfering the pulse with its own delayed replica.' ™ Here
we measure the coherence length'® of a pulse from a mode-
locked laser, where we average over many pulses. As sug-
gested by Johnson et al.,'’ we make each laser pulse interfere
with itselfin a photorefractive crystal. However, we improve
upon their technique by encoding different time delays
across a single laser beam,'? so that the entire field autocorre-
lation function can be determined in essentially real time (a
few milliseconds ). Our technique works over a wide range of
wavelengths (limited only by the spectral response of the
photorefractive crystal) and with very weak laser pulses
( ~ microwatt average power).

The technique is outlined in Fig. 1. The incident laser
beam is split into two, with one beam (the reference beam)
directed into a photorefractive crystal. The other beam (the
probe beam ) illuminates a diffraction grating at grazing inci-
dence. The first-order diffracted beam has different time de-
lays encoded onto its different portions.'? Inspection of Fig.
1 shows that the left side of the diffracted probe beam travels
a shorter distance to the photorefractive crystal than'the
right side of the diffracted probe beam, and so arrives at the
crystal first. This diffracted probe beam is focused by a lens
into the photorefractive crystal, where it intersects the refer-
ence beam and forms an intensity interference pattern, but
only in those regions of the crystal wherc the two beams are
coherent with each other. ~ ** '’

The intensity pattern creates an index-of-refraction ho-
logram in the photorefractive crystal. The strength of the
hologram depends on the visibility of the intensity interfer-
ence fringes, which depends on the relative coherence of the
two interfering beams. Note that if the incident laser pulses
are weak, it may take many pulses to build up the photore-
fractive hologram. This hologram couples the two beams, so
that the probe beam experiences gain (or loss, depending on
the orientation of the crystal). A one-dimensional array of
detectors measures the profile of the amplified probe beam
and stores it in a computer. The probe beam gain will vary
with distance x across the face of the beam, and will dependon
the local degree of coherence of the probe beam with the reﬁzr-
ence beam. As'we show below, the gain profile’ of the amph-
fied probe béam is simply related to thc electric ﬂeld autocor-

. re!auon function of the mcxdent lmr beam. -

" Our, ‘coherence length measurement techmque can be

: applied {o 4 train of ( (almost) arbitrarily weak laser pulses.

The photorefmcuve bologmm mtegrata the mtens%ty inter-

- '?.,"C‘Ew PRV T N N

tude that is independent of the total intensity of the incident
beams. (However, the time required to reach the steady state
will increase if the laser intensity is decreased.) For example,
in the experiments reported here, the time-average intensity
of the reference beam was 3.3 W/cm? (power, 74 mW; beam
diameter, 1.7 mm). At this optical intensity, the response
time of the crystal was about one-tenth of a second, enabling
an essentially “‘real time” measurement of the coherence
length. However, we also tried decreasing the incident laser
intensity by a factor of 1000, so that the photorefractive crys-
tal needed a minute or so to build up its hologram, and we
still obtained the same value for the average coherence
length of each laser pulse.

The device is calibrated as follows. The reference beam
is delayed relative to the probe beam by an optical delay line
consisting of a retroreflecting prism mounted on a calibrated
translation stage. We repeatedly take data with different
known time delays, and we measure the translation of the
output beam's profile across the reticon array, as shown in
Fig. 2. This plot is linear, as expected, and its slope yields the
calibration factor of our apparatus. -

Here are some experimental details: The photorefrac-

tive crystal is a single-domain crystal of BaTiO,, which we

- use at room temperature without an applied electric field.
Both the reference beam and the probe beam are polarized

.
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FIG. 2. Calibrating the apparatus. The bottom portion of the figure shows
the output beam profile translation across the reticon-as the time delay is
changed. The top graph shows the linear relationship between the known
time delay and the displacement of the beam profile.

[N

perpendicular to the plane of incidence, and both beams are
- ordinary rays in the BaTiO; crystal. (Although this choice
-. of polarization has the drawback of reducing the overall two-
beam coupling gain of the probe beam, it has the advantage
of minimizing two-beam self-coupling between the various
. angular components of the probe beam.) An f= 25 cm lens
- focuses light from the diffraction grating into the BaTiO,
;. crystal, which is placed one focal length from the lens. The
:. diffraction grating is 5.8 cm square with 1800 lines/mm. The
= focused probe beam has a full cone angle of 12° outside the
crystal. The unfocused reference beam (intensity full width
at half maximum = 1.7 mm) and the probe beam are sym-
metrically incident on the crystal at exterior angles of + 19°.
The BaTiO, crystal is oriented with its ¢ axis parallel to the
wave vector of the photorefractive hologram, with the crys-
tal’s positive c-axis direction chosen to amplify the probe
beam. With this geometry the maximum intensity gain of the
probe beam is 2-5, depending on which BaTiO, crystal we
use. Depletion of the reference beam was minimized by using
a weak probe beam (power = 3 uW). We prevent scattered
light from striking the detector array by inserting slits and
apertures in both the reference and the probe beams. We
- reduce speckle noise by inserting a rotating plastic diffuser
between the crystal and the detector array, and then imaging
the diffuser onto the array. Some of our BaTiO, crystals
- have dark storage times of over an hour, so in principle we
can mtegrate laser pulses for that length of time, if desired.
Howcvcr, in practice the useful integration time is limited to
no more than a few minutes, due to slow drifts in the posluon
- of the mirrors on the optlcal table.
or«# If the diffraction grating were replaced by & mirror, so

* that each portior X of the probe beam had the samé delsy

-é.n

= ‘” w " -'::J O
~Appli’l'oys.l.ﬂ'. Vol.SO.Noe.'aFobnww

-

‘",  respect to_ _the reference "beam “then’ “the intensity.
' .5 A :.xsmaarm “ Mﬂasaw

I, (x) of the amplified probe after two-wave mixing in a
crystal of length L would be'’

[lm,,(x)-—1,,,(x)]/l.,.(x)=!G(7)|3[e‘r‘“’L—1]. (n

where G() is the normalized electric field autocorrelation
function of the incident beam, I is the intensity two-wave
mixing gain per cm for the case of perfectly coherent cw light
beams, and a is the intensity absorption coefficient. How-
ever, unlike a mirror, the diffraction grating encodes differ-
ent time delays 7 on each portion x of the probe beam accord-
ing to

r(x) = x(sin 8,, —sin 8,,, )/ccos 8., 2)

where x is the transverse distance across the diffracted probe
beam, cis the speed of light in air, 8, is the angle between the
incident beam and the grating normal, and 6, is the angle
between the diffracted beam and the grating normal. At
grazing incidence 6,, = 90" and 6,,, = 0", so0 that Eq. (2)
simplifies to 7(x) = x/c. The maximum delay 7 is limited by
the size of the diffraction grating, and was ~ 190 ps with our
5.8-cm-wide grating.

Equation (1) requires a measurement of the incident
probe beam profile I, (x) at the entrance of the crystal. In
practice it is simpler to measure the transmitted probe beam
after the crystal but in the absence of any two-beam cou-
" pling, I coupting (*), by blocking the reference beam. Equa—
tion (1) becomes .

L. (x)
I3

nocauplin' ( )

no eouphn. (I )

et +et—1.

: , 3)
This equitnon includes the effects of Fresnel refiections

lG.(r)IZ[erf'—

; at. the crystal faces, which happen to cancel out nicely. Note

that in the absence of linear absorption a, Eq. (3) becomes
identuical to Eq. (l) For the case of coherent cw illumina-

. tion, |G| =1, and Eq. (3) reverts to the usual CXP!'CSS!OD

dscnbmg photorefracuve gain.
We tested our device by measuring the average coher-

" ence length of the frequency-doubled (4 = 532 nm) pulses

from a mode-locked cw Nd:YAG laser (Coherent Antares
76-s). This laser is actively mode locked and emits pulses at a
rate of 76 MHz. Figure 3 shows the relative gain [defined as
the left-hand side of Eq. (3)] across the probe beam for a
. series of ~ 10* laser pulses (i.c., we averaged for ~1s). The
. solid line is a least-squares fit of Eq. (3) obtained by varying
‘three parameters: the maximum two-beam coupling gain I

" of the crystal, a vertical offset related to absorption, and the

coherence time 7. of the incident laser pulse. Here we as-

. sume that the laser pulses are Gaussian in time, and we take

"the coherence time 7, to be the half width at half maximum
of the electric ficld autocorrelation function.'® From this fit
. We obtain a value of 7. = 48 ps. However, we found that 7,
could drift slowly with time by ~ 8 ps over 30 min, which we
atmbute toa mode-lockmg instability of our laser. « .

I order to test Eq. (3), we tried using two different
smgle-dommn crystals of BaTxO, having dxssumlar two-

vmlnn expenmenul em)r. usm; enhet crysuh We alyo in-
spected oue laser pulsa with a l/4-m.-thnck sobd glm
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FIG. 3. Plot of the relative intensity gain across the probe beam. Each por-
tion of the beam experiences a different gain because it has been delayed by a
different amount of ime relative to the reference beam. The honzontal axis
shows the relative delay of each portion of the probe beam. The solid lineis a
best fit to Eq. (3), and yiclds a coherence ime of 7, = 48 ps.

Fabry-Perot étalon; the appearance of the ring pattern was
consistent with the coherence length measured by our two-
beam coupling technique. However, the Fabry-Perot also
revealed that the center frequency of the laser jittered on the
time scale of a few seconds, possibly due to thermally in-
duced fluctuations in the laser’s effective cavity length.

What is the resolution limit of this device? Dispersion of
the grating will cause spatial broadening of the measured
output beam profile /,,, (x)."? For the geometry and coher-
ence times used here, this broadening is negligible, but it
places a lower limit of 0.1 ps on the shortest pulse we can
measure. Also, the finite crossing angle of the two beamns will
cause a broadening of the output beam profile. The worst
case would be for a crossing angle of 90°, which would cause
a smearing in time equal to the time it takes light to traverse
the wider of the two beams in the crystal. In our experiments,
we estimate this smearing to be ~1 ps. Our calculations
indicate that the effect of a finite recombination time of the
photorefractive crystal is to aiter the overall two-beam cou-
pling gain coefficient, but without altering the shape of the
output profile of the amplified beam.

In summary, we have demonstrated a simple method for
measuring the coherence length of a pulsed laser, and espe-
cially for a laser that produces a train of very weak optical
pulses. This technique does not require phase matching, is
simple to align, and can be used over the entire visible and
near-infrared regions of the spectrum. The spectral response
of our BaTiQ; crystals extends only to the near infrared, and
50 is too small to be useful at 1.06 um Nd:YAG laser wave-
length. We are pursuing the use of other photorefractive
crystals to extend this pulse-measuring technique further
into the infrared.

This work was supported by contract No. F49620-88-C-
0095 of the Air Force Office of Scientific Research. V. Do-
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National Science Foundation and the Joint Services Elec-
tronics Program.
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We describe how optical beams from a mode-locked laser will couple in a photorefractive crvstal.

We show that

the two-beam-coupling gain coefficient is proportional to the square of the electric field correlation of the in-

coming light pulses.
herence length of mode-locked laser pulses.

Consequently we show that two-beam-coupling experiments can measure the average co-
We also describe how the temporal envelopes of the mode-locked

optical pulses distort as they couple and propagate through the photorefractive crystal, and we give examples of
how pulses can be shaped by using photorefractive coupling.

1. INTRODUCTION

The strong coupling between optical beams in a pho-
torefractive crystal has been extensively studied for
continuous-wave optical beams’ and for single, short,
high-irradiance optical pulses.”* Here we consider the
coupling between trains of mode-locked pulses in a photo-
refractive crystal. We are especially interested in photo-
refractive crystals that have a long dark-storage time,
which permits the light-induced changes caused by suc-
cessive optical pulses to accumulate in the crystal. We
consider the case in which each optical pulse is quite weak,
so that it takes a large number of pulses (>10°) to build up
a quasi-steady-state refractive-index grating in the crys-
tal. We derive the time-averaged response of the crystal
to these pulses. We show that, once formed, the photo-
refractive grating can alter the temporal shape of the
laser pulses as they traverse the crystal. We also show
that a photorefractive crystal can be used to measure the
average coherence length of a train of mode-locked laser
pulses, as was recently demonstrated in experiments by
Johnson et al.*” and Dominic et al.®

2. SPACE-CHARGE ELECTRIC FIELD

Consider an infinite and periodic train of laser pulses,
such as from a cw-pumped mode-locked laser. Let two
such pulse trains intersect in a photorefractive crystal. If
in some region of the crystal the two beams are coherent
{(and so produce an intensity-interference pattern there),
then charge carriers in the crystal will be rearranged by
the pattern of bright and dark fringes. The migration of
these charge carriers causes a space-charge field E,(r, )
to grow and eventually reach a quasi-equilibrium. Sup-
pose that the energy of each pulse is small, so that many
pulses are required in order to reach the steady state.
Then, once E, reaches its quasi-equilibrium value, each
subsequent laser pulse causes E,. to make only small ex-
cursions that always return it to its initial value, as we
show below.

0740-3224/90/122347-09802.00

The time dependence of this space-charge field is guv-
ernned by a first-order differential equation, as derived by
Strohkendl et al.® for the case of constant incident inten-
sity. However, the same equation holds even if the inten-
sity is changing in time, as long as the peak intensity is
weak enough to satisfy the restriction of Eq. (8) of Ref. 9.
For the case in which the recombination rate of free carri-
ers is much shorter than the pulse duration, the space-
charge field evolves according to

% + alo(t)E.(r,t) = ibE\(r, ) E*x, 1), 98]
where E,. is the magnitude of the (quasi-dc) space-charge
field, E|(r,t) and E.*(r,¢) are the slowly varying complex
optical-field envelopes, and Io(t) = |Ei(r,2)|2 + |Eq(r,2);2
is proporticnal to the total intensity. [Note that, in the
absence of absorption, energy conservation requires the
intensity to be a constant in space, which is why Io(¢) has
no spatial dependence.] The quantities a and b are com-
plicated functions of material parameters and beam ge-
ometry but not of the optical intensities.’

Equation (1) indicat.s that the space-charge field is
driven by the interfi rence term E,(r,¢)E,*(r,¢) and is
erased by the uniform intensity I,. If many pulses are
required in order to reach steady state, then no one pulse
can change E,. by a large amount, and E,. will reach a
quasi-steady-state value that is determined by the balance
of the driving and erasing terms. Equation (1) holds
when the free-carrier recombination time is much less
than the duration of a single mode-locked laser pulse, so
that the free-carrier density created by light in the pho-
torefractive material closely follows any variation of the
light intensity with time. If this is not the case, the situ-
ation becomes more complicated, for we must then couple
Eq. (1) to another differential equation that describes the
time evolution of the free-carrier density. We discuss
this case at the end of this section.

Because in general the incoming laser pulses are not
identical, we must average over the ensemble of possible

© 1990 Optical Society of America
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pulses. The laser pulses may fluctuate both in amplitude
and in phase. We choose to model the pulses as having
identical amplitudes but randomly varying phases. To
our knowledge there is no satisfactory statistical descrip-
tion of phase fluctuations of mode-locked laser pulses, so
we will not specify the statistics of the phase fluctuations;
instead, we simply characterize the optical electric field of
the pulses by a parameter 7,, which specifies the charac-
teristic length of time taveraged over many pulses) during
which the optical electric fields evolve sinusoidally in time
without interruption. (An analogy may be an electron
drifting freelv through a solid, with some average time be-
tween collisions.)

Using our amplitude-stabilized pulses. v.e take the
ensemble average of Eq. (1):

r‘E“«lr.” X
——— ~ alhi)Edr. ) = (bE(xr, ) Ex*(r, 1), (2}

At

where the overbar denotes an ensemble average.'® For the
case of cw lumination, Eq. (2) can be sclved by a steady-
state space-charge field E,. that is proportional to the
modulation of the intensity interference pattern."’ For
the case of pulsed illumination, we expect the equilibrium
value of the space-charge field to depend in a similar man-
ner also on the modulation of the optical intensity and
therefore on the relative coherence of the two optical
pulses at the ~rystal. We postulate that the steady-state
sc'ution of Eq. (2) is
— b (Edr, Ey(r, b))

= G (B OF + Ean 0 @

where the the notation () denotes an average over time T:

1 T2
(F(ey = T F(z)dr. (4a)

-T2

Note that, if the interfering beams are cw, then the time
averages in Eq. (3) may be dropped, and we obtain the
usual dependence of the steady-state space-charge field on
the modulation of the intensity-interface pattern."! For
periodic optical pulses, the postulated dependence of
Eq. (3) may be viewed as the dc term in a temporal Fourier
expansion of E,.. We show below that this dc term is by
far the largest term (by a factor of 10°) in the expansion,
again because many pulses are required in order to reach
the quasi-equilibrium, so that no one pulse can push E,.
far from its equilibrium value.

Using the notation of Trebino et al.’? we can express the
electric-field envelope of the optical pulses as

Ei(r, 1) = Ay(r,Ouy(r,t), (4b;
Ez(r, t) = A;(r,t — Ta)ual(r,t — Td)s (4C)

where in Eqgs. (4) the functions A,(r,.: and A.(r, ¢) are the
deterministic amplitude of the pulses of beams 1 and 2,
respectively. The functions u,(r,¢) and u,(r,t) are statis-
tical factors that contain information about the phase
fluctuations of the two beams; both of these functions are
normalized to unity: |u)] = |uz] = 1. For convenience
we have defined beam 2 with a built-in delay time 74, be-
cause in practice the two interfering optical beams are
usually derived by splitting one cingle beam into two and

Yao et ¢/

then delaving one beam with respect to the other by a
time =;. Using this notation, we may rewrite the numera-
tor of Eq. (3) as

Gizy) = Eir. 1 E,*r. 1Y)

AU DAYt — Thu(r Dur t — T4)). 131

When tne phase fluctuations are governed by jointly
wide-sense stationary statistics,’’ so that the quantity
ui(r t)u,”(r,t — r;)is independent of time '* we express
Eq. (3) as

Gimy) = (Air, OAMr. ¢ — 7)), %7, 6

where v *(r;) is the second-order coherence function.
which depends on the relative delay -, between the two
pulses (and implicitly on the parameter r,, the average
phase-coherence time of a pulse):

v 2r) = uylr. Dua"(rt — 2. (7

Substituting Eq. (7) into Eq. (3) vields

2

ib (A\(r, DAt — =)y “(7a) .
= — - (3)
a Io

In order o verify our guess that Eq. (8) is indeed the
quasi-steady-state solution for the space-charge field, we
numerically integrated Eq. (1) for the case of a periodic
train of pulses, with the amplitude of each pulse taken to
be Gaussian in time. At first we assumed that each pulse
was transform limited. Usinga fourih-order Runge-Kutta
method, we computed how E,. changed during each light
pulse. Figures 1 and 2 show the deviat’on of E,. from the
steady-state value predicted by Eq. (8). In Fig. 1(a) we set
the relative delay between the two writing beams (one
strong and the other weak) to be r; = —30 psec (so that the
strong beam arrives before the weak veam). In Fig. 1(b)
the space-charge field is seen first to decay and ther to
grow during each laser pulse but always to return to its
initial value. Figure 2 shows the result for -y = +70 psec
(where now the strong beam arrives after the weak beam).
Here each laser pulse causes the space-charge field first to
decay (slightly) when the weak beam arrives, then to grow,
and then to decay back to its steady-state value. Note
that the vertical scale ia Figs. 1(b) and 2(b) is in parts in
10% the maximum excursion of the space-charge field
from its steady-state value (which it maintains between
laser pulses) is quite small. Whern we picked a value for
E, that was too small, we found that after the next light
pulse E,. would be left at a slightly larger value than when
it startel, until after many light pulses it attained the
steady-state value specified by Eq. \8). Similarly, when
we initially picked E,. too large, then the next light pulse
would leave it slightly smaller. Only with the value of E,
given by Eq. (8) would each light pulse cause the space-
charge field to return to exactly the same value that it had
before the light pulse.

To generate Figs. 1 and 2, we used n.aterial parameters
that are typical for photorefractive BaTiO, and optical
beams with average beam intensities of tens of milliwatts
per sqyuare millimeter and pulse durations of 70 psec (in-
tensity FWHM). For this calculation we assumed that
(a) the dark decay rate is much less than the pulse repeti-




40
Yao et al
14 T T T T
12k @
NE 10 i
o
~
3 Ng)- ~
x
> 06} -
Z
g gal 4
(U S B
0[\ S S l i
S50 1O -50 0 50 100 150
Time (picoseconds)
000 T T T T
ok (I
|
c: D02k -
ol noas
-_;_': 0 -
-~
= 05k .
<
-0.06 - ~
007k 1 i 1 ! 1
<150 -100 -50 4} 50 100 150

Time (picoseconds)

Fig. 1. (a) A strong optical beam leads a weak beam by 30 psec.
:b) While these optical pulses are present in the crystal, the
space-charge field momentarily deviates from its steady-state
value: It initiaily decavs and then recovers.

tion rate, (b) the average modulation of the photorefrac-
tive grating is much less than unity, (c) there are no
shallow traps, 1d) there is no spatially uniform dc electric
field in the crystal, {e) the spatially periodic free-carrier
number density is much less than the spatially periodic
deep-trap number density,” (f) and the recombination
time of charges in the band is .nuch less than the duration
of each laser pulse.

We also considered the case in which the optical pulses
have phases that vary randomly in time, and we found
that the juasi-steady-state space-charge field is still given
by the correlation of the two optical fields, as predicted by
Eq. (8). Encouraged by these results, we then tried relax-
ing condition (f) above by making the recombination time
longer than the pulse duration by factors ranging from 1
to 140 (while keeping constant the product of mobility and
recombination time). We found that the space-charge
field still attained the value given by Eq. (8) to within

Ipulinlo.

3. COUPLED-WAVE EQUATIONS

As discussed in Section 2, the interference of two weak,
infinite trains of optical pulses eventually produces a
quasi-steady-state space-charge field in a photorefractive
crystal. This electric field alters the refractive index of
the crystal; it creates a refractive-index grating. Here we
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discuss how the optical beams are coupled by this grating.
In particular. as the beams traverse the crystal their
temporal shapes are modified by their coupling with the
grating, which then alters the grating, which then alters
the beams, which makes the equations difficult to solve.
Coupled-wave treatments’ of this problem usually ignore
any variation in the temporal envelopes of the pulses as
they propagate through the crystal. Here we include
these variations.

To derive the coupled-wave equations, we consider a ma-
terial with no free currents. Maxwell's equations then
vield

D, )

‘-zgll'.l) - Mg YE

0, 19}

where €(r.t) is the total real optical electric field in the
material and @(r.t) is the corresponding real displace-
ment vector. In Eq. (9) we ignore the term ¥(V - €)."°

Now let the total optical field comprise two light beams
with the same nominal frequency wo, respective complex
electric fields E, and E,, wave vectors k, and k., and ei-
genpolarizations é, and é, in the crystal. The total optical
electric field and displacement vectors are

€(r,t) = Re{(é.E\(r, hexp(ik, * 1)
+ 82E5(r, tiexp(ik, - r)]exp(—~iwot)}, 110)
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Fig. 2. (a) A strong optical beam follows a weak beam by 70 psec.
(b) While these pulses are present, the space-charge field grows
and then decays, but it never deviates by even 1 part in 10® from
its steady-state value.
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@r, f) = ReyD.ar.vexpuk, - r
1 p
+ Dar tiexpuk, * prlexpi—1w 0}, 1

D.r.t) = ¢,7iry - 6 Exr.th. =12 (12)

In Eqs. (10)-112), ¢, is the permittivity of free space, F.(r}
is the relative dielectric tensor of the medium, and D,(r. )
and é.E,(r, ¢t} are the slowly varving enveiopes of the dis-
placement and the electric-field vectors at the optical fre-
quency w,. Note that Eq. (12) ignores any material
dispersion. For laser pulses that are picoseconds or
longer, this approximation is justified by the short length
of tyvpical photorefractive crystals. For example, a 2-mm
sample of barium titanate would require a pulse duration
of less than 100 fsec before group-velocity dispersion
would become noticeable.

The interference pattern of the two light beams will
have a periodicity cosik, - r), where k, = k, — k.. The
dielectric tensor of the crystal will be altered by the light
pattern at the same spatial frequency k,:

Fir) = F. + Re[AF, - expiik, - 1], (13)

where 7, is the crystal’'s average dielectric tensor. The
spatially periodic part of the dielectric tensor Re[AF. -
expitk, - r )] will couple the two optical waves. Substitut-
ing Egs. (10)-(13) into Eq. {9) yields equations that couple
the slowly varying electric-field envelopes E; and E; of the
two optical beams:

(i - }-i)El(z,E) = d (61* - AE, < é)Eq(2, 1),

az v oot 4n,c cos 8
(14a)
z 14 ! . o
('0- - = ,—)Ez(z, £ = (&% A é)E\(2,8).
sz v oat 4n,c cos 8

(14b)

In Egs. (14), 2 is the distance along the bisector of k; and
k; in the crystal, 6 is the half-angle between k, and k.,
and v is defined as

v = (¢/n)cos 8. (15)

For cw beams the time derivatives in the coupled-wave
equations (14) are zero, but for pulsed lzser beams these
time derivatives must be included. Smirl e al.? included
these time derivatives in their analysis of beam coupling in
photorefractive crystals with single-shot, high-irradiance
laser pulses. However, they did not discuss the evolution
of the laser pulses’ temporal shapes, and with good reason:
in the case that they considered, the energy coupling be-
tween the two beams was so small that its effect on the
temporal shape of the laser pulses could safely be ne-
glected. Here the energy coupling between the beams
can be quite strong, and it can drastically alter the tempo-
ral shapes of the light pulses. We discuss such pulse shap-
ing in Section 6.

In deriving the coupled-wave equations (14), we made
the following assumptinons: The optical electric-field en-
velope changes slowly with distance:

+E,
2

ok,
az A

< k, . (16)
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and with time:
| a7 - 6 En m-‘-éE»‘ .
3 < w - . tivar
at” at
MAF. - e E) R -
l*{ << wdF, - ¢ E . (17b)
a

We assume that the perturbation of the dielectric tensor is
small:

AF, << F,, (18)

and that all the frequency components of the laser pulses
are perfectly Bragg matched to the grating. We also as-
sume that these frequency components all write the same
grating. (For a millimeter-sized grating, this implies a
minimum laser pulse wi *h of a few tens of picoseconds.)

4. PHOTOREFRACTIVE GRATING

The space-charge field E,. of Eq. (8) will induce a change in
the dielectric tensor by the electro-optic (Pockels) effect *:

AF, = - - (R- k) 7.E., (19)

where R is the electro-optic tensor of the erystal.
Equation (19) ignores any contribution of A%, from elec-
trons in the conduction band, i.e., the free-electron
grating.>"* Because this transient grating disappears in
the time between each laser pulse, at the intensities used
in our calculations the free-carrier grating will be negligi-
ble compared with the steady-state photorefractive grat-
ing, which accumulates over many laser pulses. For
example, even with a pulse energy as large as 6 mJ/cm?,
the peak diffraction efficiency of just the transient free-
carrier grating in BaTiO; is only 107*2 which is 200 times
smaller than the steady-state diffraction efficiency with
cw beams in the same geometry. Because the diffraction
efficiency from a free-carrier grating depends quadrati-
cally on the fluence of the writing pulses,® with a cw mode-
locked laser having a fluence of microjoules per square
centimeter, the diffraction efficiency from the free-
carrier grating will be on the order of 10~®, which can cer-
tainly be ignored. Note that any contribution to #, from
an absorption grating'®’® can be included in our coupled-
wave equations by changing the overall two-beam-
coupling gain coefficient.

Substituting Egs. (8) and (19) into the coupled-wave
equations (14) yields

G,
(i . li)zl(z.t) YT ) (20a)
v a I

( o, %i)&(z, 0= —ng* S ‘f“"’mz.z). (20b)
1]

where, with plane waves incident upon the crystal, the
field correlation function G defined in Eq. (5) is now per-
mitted to vary only along the z direction. In Egs. (20a)
and (20b) the coupling constants 5, are

= 2[e‘,'-a-(R-k‘,)-a-é,], (21a)

12 = Ny
n 4n,ccosf a
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We combine Egs. (20), perform an ensemble average over
many pulses. and average over the time T between optical
pulses:

M E 2. 0. iG(2,74):°

AT - = +2 Re(me)——(z . {22a)
az Iu

W Edz.D D Gz, ¢

HEA2D D o ey 227, (22b)
44 Io
aGlz. 75y Glz.7y) —_ —
—_— 0 = —I—(ULQ(;Ezi') - nacER). (22¢)

(34 0

In deriving Egs. (22) we eliminate the time derivatives by
using the fact that

<¥F<z,z>> =0 (23)
ot

for any function F that has a period T.

If the time-averaged intensity of beam 1 is much less
than that of beam 2, ({{E,|?) << { E5?), then the intensity
of the strong beam remains constant over the interaction
length (( E;?) = I,), and the above equations have the
simple solutions:

G(z,7a) = G(0,7s)exp(n22), (24)
‘ : iG(0,74)[ 2 ) -1
(o - (B = Comelan 23, o
o
where the gain coefficient g, is defined as
g1z = 2 Re(n1a). (26)

Equation (25) states that the average intensity gain of
the weak beam is proportional to the magnitude squared
of the correlation function of the two incident beams.
One factor of the correlation function appears because the
two beams must first interfere to create the refractive-
index grating; the second factor appears because each
beam, after diffraction off the grating, interferes with the
transmitted fraction of the other beam. Our result is an
interesting contrast to that of Trebino et al.,'* who ana-
lvzed the interaction of two beams in a rapidly responding
absorptive medium.?"** In that case the grating was
newly formed by each laser pulse and decayed to zero be-
tween pulses. Consequently the average intensity of
their diffracted beam was proportional to the fourth-order
coherence function of the two interacting beams. In con-
trast, in our case the grating in the photorefractive crystal
is formed by a large number of pulses and reaches a steady
state. The early pulses create the grating; the later
pulses diffract off the grating. Consequently, the inten-
sity of the transmitted beam is proportional to the product
of two second-order coherence functions and not to the
fourth-order cohercnce function.

Equation (25) also shows that the average intensity of
the weak beam grows at a rate determined by the electric-
field correlation function G(0,7,) evaluated at the en-
trance face of the crystal, even though the temporal
profiles of the two beams can change dramatically during
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propagation. as we show beiow. It 13 convenient to sepa-
rate the inoident, deterministic optical-field envelopes
A0.111nto a real amplitude E., and a nermalized complex
temporal profile 71 [so that the peak value of J.(t) 1s
unity):

Al0.0) = ELdin, 1 =1,2. (27)

This permits us to define the normalized field correlation
function I'(+,):

(TUOT" = 720
[CTED Tutr 1]

Fzy) = ¥ 2irg). (28)

Then substitution into Eq. (25) vields

(Ez,0):) = (E(0,1)%) K ‘
—_— = [expigizz) — 1]iT(a)i%. (29
(EA0, 0D (expig:zz JiTtza); {29)

Equation (29) is the central result of our theory; it shows
that after the weak beam has traversed a distance z in the
crystal, its intensity gain depends on the magnitude
squared of the normalized electric-field correlation func-
tion I'(r;). For a given time delay =, the function I'(z,) is
a measure of the fringe visibility of the interfering optical
beams. Note that, for the case of cw light beams having
infinite coherence time, I'(z,)i becomes unity, and the in-
tensity of the weak wave grows exponentially with dis-
tance, as expected®:

({Ei(z,)|® = ({E\(0,t);")exp(g122) - (30)

5. MEASURING COHERENCE OF LIGHT
PULSE

Now we show how a slow photorefractive crystal can be
used to measure the autocorrelation of a fast laser pulse,
as experimentally demonstrated by Johnson et al.57 and
by Dominic et al.®

Let the incident laser beam be split into two beams and
recombined in a photorefractive crystal, with a relative
time delay 4 between the two beams. Measure the cou-
pling gain {defined by Eq. (29)] as a functon of 7;. Ac-
cording to Eq. (29), the resulting plot will be proportional
to the square of the electric-field autocorrelation of the
incoming laser pulses.

As an example, consider transform-limited laser pulses
whose intensity profiles are Gaussian in time with a
FWHM of 7,. A plot of the measured intensity-coupling
gain versus r; for these pulses will be a Gaussian curve
with a FWHM of 27,.

One can also consider the case of a cw beam with a lim-
ited coherence length, for example, a beam with a Gaus-
sian power spectrum (and therefore a Gaussian coherence
function, from the Wiener-Khinchin theorem):

y'¥(zg) = exp[-(ra*/77)In 2], (31)

where 1, is the average phase coherence time. In that
case the plot of beam-coupling gain versus r4 will trace out
a Gaussian with a FWHM of 2r,.

Finally, we consider the more general case in which the
light is pulsed and not transform limited. The electric-
field envelope of the optical wave is

ANy —am v r———

evpmwan b

. e —— - 4 - —————— W o
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E0, 1) = Eq explicit)lexp{ -2(t° 7,5)n 2], (32)

where the phase «(t) of the wave may be varying randomly
with time. For this pulse Eq. (28) gives a coherence func-
tion I'(7,):

-2 -
Tp Ts

/1 1
[(zy) = expl—.'d‘ — + = In2 (33)

where, in analogy with the cw case, we assume that the
phase correlation is also Gaussian, so that the ensemble
average of the correlation of the phase functions [as de-
scribed in Eq. (7] is

y *imy) = exp[-(=*/7,0In 2], (34)

where r, is the average phase coherence time. For this
case of non-transform-limited pulses the measured gain
will be a Gaussian function of the relative time delay 7,
with a FWHM?® of

25,7,
FWHM = (T_Z_LT,A—’ (35)
To T

6. PULSE SHAPING

The photcrefractive grating not only alters the intensity
of each beam but also alters the temporal shape of the
pulses as they traverse the crystal. These pulse-shape
changes are not limited by the response time of the crystal.

Consider the case in which two optical beams have al-
ready built up a steady-state grating in the crystal. Each
beam diffracts off this grating and interferes with the
other beam, which drastically alters the temporal pulse
shapes of both beams, as shown in Fig. 3.

To describe pulse shaping by photorefractive two-beam
coupling quantitatively, we use a Fourier representation of
the optical-pulse envelopes E, and Ej:

BaTiO,
Pulse 2 .__.l ﬂ
t 7 !
) , . :
t 1
Input Output

Fig. 3. Schematic illustrating pulse shaping by two-beam cou-
pling in a photorefractive crystal. The square temporal profiles
of the two incident pulses are altered after coupling in the crys-
tal. [A steady-state grating has already been built up in the crys-
tal, and each new light pulse barely perturbs this grating (see
Figs. 1 and 2)). Note that when the two pulses overlap in time
the transmitted field of pulse 2 constructively interferes with the
diffracted field of pulse 1, while the transmitted field of pulse 1
destructively interferes with the diffracted field of pulse 2.
When the two pulses do not overlap, there is no interference.
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1 i
E jztr=—

2=

E iz we “dw. {36}

-z

In the frequency domain the coupled-wave equations (20}
become

dF}(Z.l-U) - +7"uG(:.Td)F2(z.w)' (378)
a0z o

aF, *(2,T -

M = “U:x‘-GZ—d)FﬂZ,w). (37b)
az I

where for convenience we have defined

F\(Z,w\

exp(—ﬂ)&(z.m. (38a)
v

Fg(z, w)

n

exp( —MTZ)EZ(z,w). (38b)

Equations (37a) and (37b) are solved using Eg. (24) and
the boundary conditions

F(0,w) = E,°, {39a)
Fi0,w) = E°, {39b)
oFi(z, w) _ +sz(0,.‘d)E20, (39)
dz =0 i
IF(z,0)|  _ -7721'6 (O’Td)E;D (394)
iz =0 IO

and then transforming the solutions F,(z, w) and F.(z, w)
back into the time domain. The resulting solution for the
electric-field envelope of each pulse as it propagates a dis-
tance z through the crystal is then

El(z, t) = El(O,t - %)COS}ﬁ(Z,Td)I

T(za)
T(za)i

+ Eg(O,t - %)sin]B(z,fd)l, (40a)

Eyz,t) = Eg(O,t - %)cos!ﬁ(z,rd)[

B [*(z4)
ir(fd)'

E(Qt-f)gMMLHm (40b)
where the function B(2,7,) is defined as
G(0,
B(z,73) = —(-I‘—Q(e"' -1
[}

(E:0,0)%) ['*
= | == | T(ra)(e™ - 1).

[<1Ez(o, 76
In Egs. (40) we have assumed that the time-averaged in-
tensity of beam 1 is much less than that of beam 2: e,
(|E:|*) << (|E4|®. For simplicity we have also assumed
that both of the coupling constants 7,; and 7, are real
and equal, so that n = 7,3 = n* T(r4) is the normalized
field correlation of beams 1 and 2, as defined in Eq. (28).
Beam 1 will either gain or lose energy during its propaga-
tion through the crystal according to whether the sign of n
is positive or negative.
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Equations (40t show that E (2.1} is a weighted sum of
the input fields E\[0.¢ - (2/t)] and E.[10.t — (z/v)] at the
entrance face of the crystal. with a similar expression for
beam 2. The relative weights in the sum depend on the
correlation between the two input fields, their relative
time delay, and the ratio of their average intensity. To
confirm Egs. (40} we used Eq. (40a) to calculate the time-
averaged intensity of the weak beam at an arbitrary posi-
tion z, and we obtained the same result as with Eq. (25).

As an example of how two-beam coupling can dramati-
cally alter the shape of an optical pulse, consider a train of
short pulses (E,) and a train of somewhat longer pulses
{E;) incident upon the crystal. The short and the long
pulses are assumed to have the same spectral width. As-.
sume that the short pulse is transform limited and Gaus-
sian in time and that the long pulse is also Gaussian in
time but is chirped. Let these two pulse trains interfere
in a photorefractive crystal. Orient the ¢ axis of the crys-
tal so that the longer pulse loses energy as it propagates
through the crystal ({i.e., make the coupling constant
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Fig. 4. Pulse shaping by using Gaussian pulses with the same
spectral width. The peaks of both beams reach the entrance face
of the crystal at the same time (ry; = 0), but the duration of
beam 1 is 10 times greater than that of beam 2. (a) The tempo-
ral profile of beam 1 before (dotted curve) and after (solid curve)
the photorefractive crystal. Note that beam 2 couples energy out
of beam 1. We assume an incident average intensity ratio of
I/I, = 100 and a coupling strength nL = -1.23. (b) The tempo-
ral profile of beam 1 before (dotted curve) and after (solid curve)
coupling in the crystal. Here we reverse the direction of energy
coupling in the crystal, so that beam 2 couples energy into
beam 1. We use an incident average intensity ratio of Iy/I, = 100
and a couping strength nL = +1.23.
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Fig. 5. Pulse shaping in a photorefractive crystal by using equal-

width, transform-limited Gaussian pulses (FWHM inten-
sity = 70 psec). The curves show the temporal envelope of
incident beam 1 before the crystal (dotted curves) and after the
crystal (solid curves). (a) Beam 1 arrives 50 psec before beam 2.
The coupling strength is set at 7L = ~2 (so that beam 1 loses
energy), and the average intensity ratio is set at [/I; = 10.
(b) Beam 1 arrives 85 psec before beam 2. The coupling strength
is set at 7. = +1.5 (so that beam 1 gains energy), and the aver-
age intensity ratio is set at I;/I; = 100.

Intensity (arb.)

Time (picoseconds)

Fig. 6. Pulse shaping in a photorefractive crystal by using Gaus-
sian pulses with the same temporal width (FWHM intensity
70 psec). The temporal envelope of the incident beam (1) is
shown before the crystal (dotted curve) and after the crystal (solid
curve). Here beam 1 is transform limited, but beam 2 is chirped
and has a spectral width 8 times that of beam 1. The time delay
between the two beams is zero, and the coupling strength is
nL = 1.5 (beam 1 gains energy).
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n < 0i. For these conditions Fig. 41 shows that the long
pulse will have a deep hole carved out of its center: a
dark pulse. Such a pulse may prove useful for the experi-
ments with dark pulses %" (See Appendix A for further
discussion of this calculation)

If we reorient the cryvstal so that the longer pulse gains
energy during propagation (n > 0), then it will emerge
with a sharp spike. as shown in Fig. 4b). Beam shaping
will also occur if the two pulses have similar temporal en-
velopes, as shown in Figs. 5and 6. In Fig. 5 we chose the
two beams to be identical, transform-limited Gaussians.
In Fig. 6 we chose a transform-limited weak beam and a
strong beam that is linearly chirped and with a somewhat
wider spectral width. Note the strong ringing caused by
the temporal overlap of the two pulses.

7. CONCLUSION

In summary, we have derived an analytical expression for
the two-beam-coupling gain of a photorefractive crystal
when it is illuminated by two light beams that contain in-
finite trains of amplitude-stabilized pulses. We demon-
strated that the photorefractive space-charge field reaches
a quasi-steady-state value proportional to the local fringe
visibility in the crystal. We find that the time-average
intensity gain of each beam is proportional to the mag-
nitude squared of the electric-field correlation of the
interfering beams at the entrance face of the crystal.
Consequently, the correlation between two optical pulse
trains can be measured by performing two-beam coupling
experiments in a photorefractive crystal. We have also
shown that optical pulses will be shaped by their coupling
in a photorefractive crystal, and we have derived analytic
expressions describing how each pulse transforms during
propagation through the crystal.

APPENDIX A: PULSE-SHAPE
CALCULATIONS

We can use Eqs. (40a) and (40b) to calculate how the inten-
sities of two interacting pulses will change with time be-
cause of beam coupling. In general, we must first choose
the shapes of the incident pulses before the crystal and
then calculate the normalized electric-field correlation
function. In the example shown in Fig. 4, we chose one
pulse to be transform limited and Gaussian in time and
the other pulse also to be Gaussian in time, with the same
spectral width, but chirped. We might generate such
pulses by splitting a transform-limited Gaussian pulse
into two pulses and sending one of the pulses through a
Treacy grating pair.®®* This pulse will be chirped and
temporally stretched. If the duration 7, of the stretched
pulse (1) is g times the duration 7,; of the unstretched
pulse 7, = g7,;, then the normalized complex temporal
amplitudes of these pulses can be expressed as

-21n 201 + iVg? - 1)¢?
Tt = exp[ n2d+ive - 1) ] (42a)
Tpt
(t — 14)°
Tt —- ) = exp[—2—-r—:d,— In2 + iwo.',,]' (42b)
p2
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where .. is the FWHM intensity width of the long pulse
and &. is a constant phase. Both pulses are Gaussian
with the same spectral width 3w = 14/7,.1In 2. as can be
shown by taking their Fourier transforms. Because the
original pulse is assumed to be transform limited, the co-
herence function y © is unity. The corresponding correla-
tion function, calculated using Eq. (28), becomes

_ i (N FoI)
\Zexp—Etan —— | - iweTe

If the average intensity of beam 1 is much smaller than
that of beam 2, eg., (E;? << ((E»". then substitution
into Eq. (40a) vields

E\z.t) = Ep{T[t — (2/1)]
+ Nl ™ = DTt — (2/0) — =)}, (44)

Substituting Egs. (42) and (43) into Eq. (44), we can calcu-
late the intensity of pulse 1 as a function of time and dis-
tance in the crystal. The results are shown in Figs. 4 and
5. [In Fig. 5 both beams are transform limited. so that
g = 1in Egs. (41)-(44).]

In Fig. 6 we consider pulses with the same temporal
width but different spectral widths and with a linear
chirp on the spectrally wider beam. If the spectral width
of pulse 2 is m times that of pulse 1, then the two pulses
can be expressed as

&R0

t? .
exp{ —2In2—} (45)
Ty

Talt — v2) = Pxp[—Z In 2

(t -7

x (1+iVm?—-1) 7 + iwofd]' (46)

‘P
Pulse 1 is transform limited, and the coherence function
y'?is unity. The corresponding correlation function, cal-
culated using Eq. (28), is
1 vm? -1 .
V2 exp[é tan“‘( ——2-—) - zwo.-d]

(m2 + 3)1Q

[(ra) =

2In2 o TS 13{_ a7
Xexp—m2+3( m* +.1\m* — )sz (47)

Substituting Egs. (45)-(47) into Eq. (44) and setting
g = 1 (the two pulses are given the same temporal width),
we obtain Fig. 6.
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Explanation of the Apparent Sublinear Photoconductivity of Photorefractive Barium Titanate

Daniel Mahgerefteh and Jack Feinberg

Department of Physics, University of Southern California, Los Angeles, California 90089-0484
(Received 28 December 1989)

We explain the apparent sublinear intensity dependence of photoconductivity in barium titanate. In
our mode} shallow acceptors act as a reservoir for charges optically excited from the donors. As this
reservoir fills, the fraction of occupied donors changes appreciably, changing the lifetime of the free car-
riers. We identify two types of barium-titanate crystals having quite different photorefractive charac-
teristics depending on their relative density of donors and acceptors, and we find that the depth of the
shallow acceptor level is ~0.4 £ 0.1 ¢V in both types of crystals.

PACS numbers: 72.20.Jv, 42.70.Gi, 72.40.+w

The photoconductivity of BaTiQO; does not scale

linearly with light intensity. In 1977, Fridkin and Popov
measured an /%° dependence using electrodes attached
to the crystal.! In 1984, Ducharme and Feinberg? found
an 1% dependence of the speed-of-light-induced charge
migration {which is proportional to the photoconductivi-
ty). In most photorefractive materials doubling the in-
cident optical intensity doubles the charge migration
rate, but not so in BaTiO;. Here we show that the ap-
parent sublinear photoconductivity of BaTiO; is caused
by shallow acceptors, and that the empirical /* function-
al dependence, while producing a reasonable fit to the
data, is not the fundamentally correct functional depen-
dence. .
We identify two types of barium-titanate crystals
which we call type 4 and type B. A type-A crystal has
an crasure speed that increases almost linearly with light
intensity (and can be approximated as speed = /*~%7), a
steady-state photorefractive grating strength that vaiies
very little with intensity, and a small dark conductivity.
A type-B crystal has an erasure speed that increases de-
cidedly less than linearly with light intensity (and can be
approximated as speed «/*~%%) a steady-state pho-
torefractive grating strength with a marked intensity
dependence, and a large dark conductivity. We show
below that a simple two-level model of deep donors and
shallow acceptors explains the very different behaviors of
these two types of BaTiO; crystals.

We postulate that in type-A crystals the density of
donors greatly exceeds that of acceptors (Np>>N,),
while in type-B crystals the density of donors is compara-
ble or slightly less than the density of acceptors (Np
< N4). Previous models of the photorefractive effect
assumed that either the donors or the acceptors (but not
both) took part in charge transport,”® or neglected
thermal excitations,* or invoked additional levels.®’ In
our model charges (assumed to be holes) in both the
donors and the acceptors can be excited by light, and we
also permit thermal excitation of holes from the accep-
tors into the valence band. We position the donors near
the middle of the band gap of the crystal (which is ~3.1
¢V for BaTiO;) and the acceptors close to the top of the

valence band, so that at room temperature the only likely
thermal excitation is from the acceptors. The Fermi lev-
el is located on the donor levels for Np > N4 and on the
acceptor level for Np < N,4. A key feature of this model
is that holes optically excited from the donors can accu-
mulate in the shallow acceptors, where they can be
thermally reexcited. The cquations describing the
change in the populations of these levels are a two-level
adaptation of those found in Ref. 7:

+

agr:, - —spING +yon(Np=N3) (1
N-

aa: (sl +BYN4—=NSF)—yanNs, )
an , NS _ONA 1o o

61+ 5 o +eVJ 0, 3)
J=eunE —uksTVn, 4)
V-E=(e/e)n+Ng —=NJ), (5)

where [ is the total optical intensity, Np is the density of
ionized donors, N4 is the density of full acceptors, n is
the density of free holes, sp and s, are the light excita-
tion cross sections from the donors and acceptors, yp and
y4 are the free-carrier recombination constants for
donors and acceptors, S is the thermal excitation rate
from the shallow acceptors, J is the current density, E is
the total static electric field, 4 and ¢ are the carrier mo-
bility and dielectric constant of the crystal, respectively,
along the direction of charge migration, e is the electric
charge, and ks T is the thermal energy.

We solve these equations for light intensities 7 <10’
W/cm?, where the generation rate of free carriers is
small compared with the fast (10'® Hz) recombination
rate to the traps.® For this case, the density of free holes
is small compared to the light-induced change in either
the density of ionized donors or full acceptors,

n&K|Ng =(Ng)j=ol, n&K|NS = (N7 )imgl . (6)
Note that because holes optically excited from the

donors can accumulate in the acceptors, both N& and
N4 can be appreciably changed by light, even though n

© 1990 The American Physical Society 2195
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remains small.

Consider a photorefractive grating with wave vector
k =4x(sin@)/% along the = direcion. This grating is
formed by two coherent writing beams with intensities /4
and /: and wavelength X in the crystal crossing at a full
angle 26 inside the crystal. Let an intense erasing beam
(not coherent with the writing beams) simultaneously
flood the crystal with a umiform intensity fo. This makes
the total light intensity /= (7, + I+ o)Re(1+me ~'¥),
and the modulation of the grating rrzE?.(III;)”:/(hJ

+17:+1y) much less than }. If the writing beams are
suddenly removed, the grating will begin to decay. We
find that the energy density ® needed to erase the grat-
ing to }/e of its initial value is

(.’V ~AV+
¢- € YolUVp . po) ‘ (7
euf(k) soNpo

where Npy is the spatially uniform density of ionized
donors. Solving Egs. (1)-(3) to climinate the intensity-
dependent quantity Ny yields

4 NN /271 =1
- |sgn(N,—Np)+ |1+ $pY4Ta.70 . (8)
l+ﬁ/5,4l() S4YD(A’,4"ND)'(|+ﬂ/S4Io)
where
®, the energy density needed to erase a previously writ-
®o= 2¢ raNo 9) ten grating to 1/e of its initial value. Note that at high

Cﬂf(k) SAII,VA—NDl '

and sgn(N,—Npl=—1 for type-4 crystals, and
sgn(N,—Np)=+1 for type-B crystals.

For all type-B crystals that we studied the approxima-
tion

4 NuN
0744 7D =1+ B 10
saro(N4=Np) salo
holds, as long as the light-induced conductivity of the
crystal exceeds its dark conductivity. In this case, Eq.
(8) for a type-B crystal simplifies to

DOos

Oy ™= -
t U +Blsalo) an
where
1”2
- € YaroNp
o"_eyf(k) [SASDNA ] ’ (12)

Figure | shows the calculated intensity dependence of

.g 1.0
Y (o¥:1 4
= ~ o0
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FIG. 1. Predicted dependence of ® (the energy density re-
quired to erase a photorefractive grating to 1/e of its initial
value) on light intensity for the two types of BaTiO) crystals.
Inset: A log-log plot of the calculated erasure speed vs intensi-
ty showing the apparent /" behavior.
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intensity ® becomes constant in both type-4 and type-8
crystals, which implies that the photoconductivity be-
comes linear at these high intensities. Also, at low inten-
sities in type-A crystals the photoconductivity is linear
with intensity /, while in type-B crystals it is proportiona!l
to V1. These features of the photoconductivity can be
casily missed if the same information is displayed in the
traditional log-log plot of speed versus intensity (as
shown in the inset), where the curves appear to be
straight lines of constant slope x (0.5 < x < 1), implying
an oversimplistic I functional dependence for the photo-
conductivity.

To verify our two-level model we measured the light-
induced erasure rate of photorefractive gratings as a
function of the incident light intensity. Three as-grown
BaTiO; samples (named Cat, Free, and Rob) were
selected for their different characteristics. The Rob crys-
tal is type A with a long dark storage time (7 gar > 10*
sec at room temperature). Both the Cat and Free crys-
tals are type B and have short dark storage times (7T g,n
~1 sec at room temperature). The same Cat crystal
was previously studied in Ref. 2; we repcated the mea-
surements over a wider range of crystal temperature and
light intensity. Two optical writing beams, of compara-
ble intensity, intersected in the crystal at a full internal
angle of 20=25°. After the writing beams had written a
photorefractive grating to steady state, both writing
beams were blocked and the grating was allowed to de-
cay. An intense crasing beam flooded the crystal at ail
times, and thereby avoided large changes in the shallow
trap population when the writing beams were turned off.
The erasing intensity was 10 times the total writing in-
tensity. All these optical beams were at 514.5 nm and
polarized perpendicular to the ¢ axis of the crystal. The
crystal temperature was stabilized to *1°. The relative
grating strength was measured by a weak, extraordinary
polarized 632.8-nm laser beam incident at the Bragg an-
gle.

Figure 2 is the plot of ® vs /g in the Rob crystal (a
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F1G. 2. ® vs I at various temperatures of the Rob crystal of
BaTiO:, a type-A crystal: T=25°C (O), T=47°C (a),
T=90°C (0). Solid curves are simultaneous best fits by Eq.
(8).

type-A crystal) for three temperatures. The solid curves
are simultaneous least-squares fits of the data by Eq. (8)
which contains three parameters: @y {(which sets the
amplitude), PB/s4 (which determines the point of
inflection), and  p:=4sp ¥4 NaNp/rpsa(Np =Ny
(From a simultaneous least-squares fit of all of the data
we obtain p;=23.) According to theory, 8 (the thermal
excitation rate out of the shallow traps) increases with
temperature 7T according to

B=poe _ErtoT (13)

where Er is the energy separation of the shallow trap
level from the valence band, and By is a constant. Fitting
the values of B/s4 at the various temperatures by Eq.
(13) we estimate the depth of the shallow trap levels in
the Rob crystal to be E7r~0.36 ¢V.

Figure 3 shows a semilogarithmic plot of ® vs /¢ for
the Cat crystal. Note that the function @ increases with
light intensity even at low intensities; this is caused by
the light-induced change in the density of un-ionized
donors. Comparison with Fig. 1 shows that the Cat crys-
tal is a type-8 sample with Np =< N,. At high intensity
® flattens, because the density of holes in the shallow ac-
ceptors (and the corresponding density of un-ionized
donors) is beginning to saturate. Note that the data at
higher crystal temperatures flatten at higher intensities,
because it requires more light to saturate an acceptor
that has a larger thermal excitation rate. The solid
curves are least-squares fits by Eq. (11) using ®os and
B/s.4 as the two fitting parameters.

Figure 4 shows a semilogarithmic plot of the parame-
ter B/s4 as a function of the inverse thermal energy
1/kg T for both the Cat and Free crystals (both type B).
From the slope of these graphs and using Eq. (13), we
obtain the depth of the shallow traps in the Cat crystal
tobe Ercar™0.5+0.15¢V, and Errree™=0.320.1 ¢V in
the Free crystal.

The depth of the shallow traps in type-B crystals can
also be determined by measuring the rate of decay of
photorefractive gratings in the dark as a function of the
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FIG. 3. ® vs [, at various temperatures of the Cat crystal of
BaTiO;, a type-8 crystal: T=17°C (@), T=25°C (0O),
T=35°C (), T=43°C (@), T=52°C (0). Solid curves are
best fits by Eq. (11).

crystal temperature. If the total intensity is sufficiently
low (I € B/s4), the grating forms only on the shallow ac-
ceptors in type-B crystals, and will decay in the dark ex-
ponentially at a rate

rdm_eg{(k) Bo o “ErlT
€  raNp

In order to obtain Er, we first correct for the strong tem-
perature dependence of the mobility u by multiplying the
dark-decay rate by ®gg at each temperature. A semi-
logarithmic plot of Tgui®os vs 1/ksT yielded a straight
line for the Cat and Free crystals with Er~0.4 ¢V in
both cases, in good agreement with the values of Er
determined above.

We now understand why the dark conductivity is
much smaller for a type-A crystal than for a type-B crys-
tal. In a type-A crystal in the dark and in thermal equi-
librium, the acceptors will be empty of holes and there
will be negligible conduction in the dark. In contrast, in
a type-8 crystal there are always some holes in the ac-
ceptors available for thermal excitation, so the dark con-
ductivity is relatively large.

s
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'.‘E Y~
©
23
=
o2
§ (4
—— =
£
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O3 35 3 39 a
1/%gT tev™)

FIG. 4. Plot of the measured intersity needed to saturate
the shallow traps (normalized to | W/cm?) vs the iaverse
thermal energy for two type-8 crystals. (a) Circles, Cat crys-
tal. The slope of the line yiclds Er~0.5+0.15 eV. (b)
Squares, Free crystal. The slope of the line yields £7~0.3
+0.1eV.
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We also predict the intensity dependence of the
space-charge field. In general, photorefractive gratings
will form on both the donors and the acceptors. Equa-
tions (1)-(5) predict that the amplitude E. of the
steady-state space-charge field E.e ™% will vary
strongly with intensity in type-B8 crystals but only weakly
in type-A crystals. We obtain

kgT k
Ee=+im n(l) Fa— . (4)
I+ k °/(k§ gonor T k &acctplor )
where
f donor + k8 .acceptor/ (1 + B/s41
n()= k § donor + K § accepto /(1 +B/s4 ) . 5)

k &donor +k g.acc:plor

The function n(/) <1 approaches unity at high intensi-
ty. The Debye screening wave vectors for the donors and
acceptors are defined by

e’ Ngo(Np—Ngo)

= . 16)
k&.donor fkgr ND (
and
e AT (NA —Nj4o )
. = . Qa7n
k&.:cceplor t'ka I’VA

Here Ngo and N5 are the spatially uniform densities of
ionized donors and filled acceptors, respectively, both of
which vary with light intensity.

For a type-B crystal operated in a regime where the
light-induced photoconductivity exceeds the dark con-
ductivity, Eq. (10) holds, and the function 7 in Eq. (15)
becomes n(f) =} [14+1/(1 +B/s1)]. This causes E to
increase by a factor of 2 as the light intensity is in-
creased from low intensities / < /s, to high intensities
I>B/s4. For a type-A crystal, n~1 for all intensities,
so that E . should vary only weakly with intensity.

We confirmed the above by measuring the magnitude
of the photorefractive space-charge field and found that,
as predicted by theory, £ varied appreciably with opti-
cal intensity in type-B crystals but not in type-A crystals.
For the Cat and Free crystals the space-charge field in-
creased with increasing light intensity by a factor of

2198

more than 2.3 over the intensity range /=0.1-70 W/
cm?, consistent with their assignment as type-8 crystals.
In contrast, for the Rob crystal (a type-4 crystal) the
grating strength changed by only ~20% over the same
intensity range for all temperatures studied.

Equation (8) also explains our cw and pulsed erasure
data of Ref. 9. In those experiments we erased gratings
with pulsed light beams of high peak intensity but low
average intensity in two additional type-A crystals of
BaTiO; (Swiss and Hop). Our theory predicts that in
this case it takes the same amount of energy to erase a
photorefractive grating by continuous illumination as by
a train of light pulses having the same average intensity.

The critical parameter controiling whether a crystal is
type A4 or type B is y=N,Np/(N4—Np)?, which varies
rapidly near the compensation point NV, =Np. This sug-
gests that our as-grown BaTiO; crystals are nearly com-
pensated, which explains why their photorefractive
characteristics vary so much from one sample to the
next.
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We analytically solve charge-transport equations for a photorefractive crystal with shallow and deep traps. We
predict that, if shallow traps can accumulate a high density of charge, the photorefractive trap density and
space-charge field will be strong functions of light intensity and the photoconductivity will scale sublinearly
with intensity. We show that, depending on light intensity and grating spacing, shallow-trap charge gratings

form either in phase or out of phase with the light pattern.

As shallow traps thermally depopulate in the dark,

the space-charge field either partially decays or partially develops for a few seconds. The amount of decay in-
creases as grating spacing increases in Bi;;Si0 and as grating spacing decreases in BaTiO;.

1. INTRODUCTION

The early models of the photorefractive effect,!”* which we
refer to as deep-trap models, predict that the photorefrac-
tive grating strength is independent of the light intensity
that is used to write the grating as long as the photocon-
ductivity exceeds the dark conductivity. However, the
magnitude of the photorefractive space-charge field in
some BaTiO; samples is a strong function of intensity %
even for intensities for which the thermal-equilibrium
dark conductivity is negligible compared with the photo-
conductivity. Also, deep-trap models predict that the pho-
torefractive grating will decay exponentially in the dark.
Yet in Bi;;Si0, (BSO) and in some BaTiO; crystals a cer-
tain fraction of the grating decays in the dark on a time
scale of a few seconds, whereas the rest of the grating re-
mains for several minutes to hours.®** Other such devia-
tions from the predictions of deep-trap models are the
wavelength dependence of the photorefractive trap den-
sity %9 and the oscillatory behavior of the diffraction effi-
ciency in the dark in BSO." There is also the recently
resolved problem of the sublinear dependence of the light-
induced grating-erasure rate on optical intensity in
BaTi0;."2"* Recently Brost et al. explained the intensity
dependence of optical absorption and the photorefractive
space-charge field in their BaTiO, sample by using a
model of the photorefractive effect with shallow traps.*
However, they arrived at their results numerically and
considered only the steady state. Strohkendl used a simi-
lar shallow-trap model to explain the dark decay of pho-
torefractive gratings ir. BSO.* Yet his treatment neglects
the formation and dynamics of shallow-trap charge grat-
ings, which we show to be important, and does not con-
cider the steady state.

In this paper we present a complete analytica! solution
of a charge-transport model of the photorefractive effect
with shallow traps. We derive a general expression for
the charge gratings in the shallow and the deep traps and
for the resulting space-charge field in the steady state.
We also solve for the time development of photorefractive
gratings in the dark in an approximate regime.

0740-3224,91/051053-12$05.00

Our model includes shallow traps in addition to the
usual deep donors and inactive compensative acceptors of
the single-carrier Kukhtarev model.! For simplicity we
consider shallow electron traps for n-type BSO (Fig. 1)
and shallow hole traps for p-type BaTiO;. (It is not yet
established whether the shallow traps in BSO and BaTiO,
are electron traps or hole traps.) Light populates the
shallow traps with charges, which are thermally reexcited
to the nearest band on a time scale of microseconds to
seconds. In our model light can excite charges to the
nearest band from both the deep donors and the shallow
traps. We neglect thermal excitation of charges from the
deep donors, which causes photorefractive gratings to
decay in the dark on time scales of the order of minutes
to hours.

When a photorefractive crystal is illuminated by a si-
nusoidal light pattern, charge gratings form in both the
shallow and the deep traps. We show that, depending on
crystal temperature, light intensity, and grating spacing,
the steady-state charge grating in the shallow traps forms
in phase or 180° out of phase with the light pattern. When
the shallow-trap charge grating is in phase with the light
pattern, it can be larger than the grating in the deep traps.

We predict that if the shallow traps can accumulate a
charge density that is comparable with or higher than the
density of donors ionized in the dark, the photoconductiv-
ity will increase less than linearly with the light intensity.
In the same regime the photorefractive trap density and
space-charge field will be strong functions of the light in-
tensity. On the other hand, if the density of charges in
the shallow traps remains low compared with the density
of ionized donors in the dark, the space-charge field
changes little with intensity and the photoconductivity is
nearly linear with the light intensity.

It was shown that the thermal depopulation of the
charges that are stored in the shallow traps during illumi-
nation causes the photorefractive grating to decay in the
dark.*® Here we show that the grating in the shallow
traps plays n significant role in the dynamics of photore-
fractive dark decay and cannot be neglected. As the shal-
low traps depopulate, they erase the grating in the shallow
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Fig. 1. Band diagram of the shallow-trap model for n-type
crystals.

traps as well as some or all of the grating in the deep traps
in a time of the order of microseconds to seconds. In
most cases this causes the space-charge field partially to
decay (coast) in the dark; however, the coupling between
the shallow- and the deep-trap gratings can result in more
complicated behavior. For example, when the charge
grating in the shallow traps is 180° out of phase with the
charge grating in the deep traps, thermal depopulation of
shallow traps in the dark can, under certain conditions,
cause the space-charge field to increase.

We solve for the time development of photorefractive
gratings in the dark for the case in which the density of
charges in the shallow traps is small compared with both
the density of donors ionized in the dark and the total
density of shallow traps. The time dependence of the
dark decay of a photorefractive grating as well as the
amount of decay is a function of the intensity of light that
is used to write the grating, the grating spacing, the Debye
screening length, and the diffusion length of the free car-
riers. In BSO the diffusion length of the free carriers is
much larger than the Debye screening length, whereas the
opposite is true in BaTiO,. This causes the dark decay
behavior of photorefractive gratings to be quite different
in the two crystals. For example, our model predicts that
the dark decay of a grating in BaTiO; is 2 sum of two
exponentials that decay to a constant background, whereas
the dark decay of a grating in BSQO is highly nonexponen-
tial in time. Also, the amount of dark decay increases as
the grating spacing is increased in BSO and as the grating
spacing is decreased in BaTiO;. These predictions are in
agreement with recent experimental results in BSO and
BaTiQ;. "

In Section 2 we describe the basic equations of our
model and derive expressions for the density of filled shal-
low traps, steady-state charge gratings in the deep and the
shallow traps, the space-charge field, photoconductivity,
and absorption during cw illumination. In Section 3 we
derive an expression for the time development of the
space-charge field in the dark and discuss the solutions for
BSO and BaTiC,.

2. THEORY

In the presence of shallow traps, the photorefractive effect
is described by a simple extension of the Kukhtarev
equations:

aNp'

a:D = spl(Np — Np') = ypnNp', (1)
M

T ~(srl + B)M + yrn(Mr - M), (2)
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2N -M-m+1v.g=0, @

at e

J = eunE + ukpTVn, (4)
V-E=-Z(n-No'+ Ny + M). (5)

Here Nj is the density of donors, N, is the density of (inac-
tive) acceptors, Mr is the total shallow-trap density, Np' is
the density of ionized donors, M is the density of filled
shallow traps, n is the free-carrier density, J is current
density, E is the electrostatic field, s, and sr are the light-
excitation cross sections for donors and for shallow traps,
yp and yr are the recombination constants for donors and
for shallow traps, 8 is the thermal-excitation rate from the
shallow traps, u and ¢ are the mobility and the dielectric
constant along the direction of charge migration, e =
16 x 107" C, and &; T is thermal energy. Here we as-
sume that electrons are the charge carriers, so that these
equations apply directly to n-type BSO. In the case of
p-type BaTiQ, crystals, our results can be converted to
hole-dominated transport by simple substitutions and a
change of terminology (see Appendix A). We also neglect
the photogalvanic effect.

Assume that a sinusoidal light pattern, I = I, Re{l +
m exp(tkz)], illuminates the crystal. Here k is the grating
wave vector, z i8 position, and m is the modulation index
of the grating. Since the intensity varies only in the z
direction, the problem reduces to one dimension. Also, if
the modulation is small, m << 1, then all physical quanti-
ties that light can alter will have a spatially uniform part
and a component that varies as exp(ikz). So, for example,

Np' = Ny + N, + Re[N, explikz)],
M = M, + Re[M, explikz)], (6)

with similar expressions for n, J, and E. We assume that
the density of free carriers is low compared with both the
density of the donors ionized by light and the density of
filled shallow traps:

ng << Ny, np << M. (7)

This replaces the low-intensity approximation used by
Kukhtarev.! In this regime the charge-conservation
equation, Ny = M, + n,, becomes

Nq = Mo, (8)

so the mean density of donors ionized by light is equal to
the mean density of filled shallow traps. Note that rela-
tions (7) and (8) constitute two key differences between
our model and deep-trap models. In the Kukhtarev
model' the density of donors ionized by light is equal to
the density of free carriers and is negligible compared
with the density of donors ionized in the dark, N, =
ngo << N4 Also, in Valley’s two-species model, the spa-
tially uniform components of the density of ionized donors
and filled acceptors are unchanged by illumination.® In
our mcdel light can significantly alter the mean density
of ionized donors, because the electrons excited out of
the donors can accumulate in the shallow traps. In fact
dark decay experiments in BSO (Refs. 6 and 11) and
BaTiO; (Ref. 8) showed that there are enough charges
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stored in the shallow traps during illumination to cause
a large fraction of a photorefractive grating to decay
in a few seconds in the dark. This gives an order-of-
magnitude estimate for the density of filled shallow traps
of My = 10"-10'* ecm™? for I ~ 10 mW/cm?, whereas the
density of free carriers is ng ~ 10°-10® ecm™? for the same
light intensity.

We also assume that the free-carrier grating is small
compared with the total space-charge grating in the traps:

[ny << [Ny - M|[. 9

Inequalities (7) and (9) are satisfied in BSO and BaTiO,
for I < 107 Wjem®.

A. Mean Density of Filled Shallow Traps at Steady State
Using the low-intensity approximation, inequality (7),
we obtain the mean density of filled shallow traps st steady
state from Eggs. (1)-(3) and Eq. (5) as

. 1 .
No = M, = 2 10)—_——1—]([;)(10)(1\’0,« + Mz) + Nij
— {{p(Ip) (Nps + Mp) + N.J — 4p(l)
x [ptly) - I]NDA-"IT}”). (10)
where
Spyr 1 , N ,
ptly) = Npa = Np - Ny (11)

sryp (1 + B/srly)

The density of filled shallow traps, M,, which is a saturat-
ing function of intensity, determines the magnitide of the
charge gratings in the shallow and the deep traps as well
as the amount of dark decay after illumination.

The time development of the space-charge field in the
dark can be obtained anal +.cally in the special case in
which the density of filled shallow traps is small compared
with both the density of ionized donors in the dark and the
total shaliow-trap density, My/Mr << 1 and M,/Ns << 1.
These conditions are satisfied when

s N’
DYT <« — I p ,
StYyp 4MrNpa

1 (> My Ny << 1), (12)

SpYr Ny
Soyr

v Nom+ By (P MMre<h. )

In this case the density of filled shallow traps is given by

M.

My = ———"—  (if My/Ns << 1, Mo/Mr << 1),

0 1+ B/Sr[o) o/ A o/Mr )
(14)

where
Sn)’rl"!r[vl),i

M. = = 15
srva o (15)

is the density of filled shallow traps above the saturation
intensity Iy >> B/sr.

B. Light-Induced Change in Absorption
The redistribution of charges between the deep and the
shallow energy levels causes the optical absorption to vary
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with light intensity. . our model the optical absorption
of the traps ic given by

Uirape =(S0Noa + (57 — sp)Mo) WV - (16)

The first term on the right-hand side of Eq. (16) is the trap
absorption in the dark and in therma! equilibrium, and
the second term is the light-induced change in absorption.
Since the magnitude of the change in absorption is propor-
tional to the density of filled shallow traps, it increases
with as light intensity is increased and saturates at high
intensities 1ccording to Eq. (10). Note that Eq. (16) for
trap absorption predicts induced ab=orption for sy > sp
and induced transparency for sy < sp.  Brost et al.* ob-
served that optical absorption of their BaTiO, sample at
A = 514.5 nm increased as intensity increased (by as
much as 0.3 cm™ at I = 20 W/em?), indicating that sy > sp
in BaTiO, {or that wavelength.

C. Sublinear Photoconductivity and

Grating-Erasure Rate

The light-induced redistribution of electrons between
deep and shallow levels also causes the photoconductivity
to become a sublinear function of intensity."™* The in-
tensity dependence of photoconductivity, g = euny, is
determined by the density of free carriers, ny. From the
spatially uniform part of Eq. (1) in steady state, the den-
sity of free carriers can be written as

ng = splo(Npax — No)rpllo), 17
where

1

ol = N M) (18)
is the recombination time of the electrons to the deep
donors. As the light intensity increases, the density of
donors ionized by light, Ng, increases. Since the electrons
ionized from the donors can accumulate in the shallow
traps, N, can become comparable with or larger than N,.
Hence the recombination time of the free electrons to the
deep donors, tp{ly), decreases appreciably, and the photo-
conductivity increases less than linearly as intensity in-
creases. At extremely low intensities for which the
d~nsity of donors ionized by lign. is negligible compared
with the density of ionized donors in the dark, Ny << N,,
the recombination time 7p(],) is a constant, and the photo-
conductivity increases linearly with intensity. Also, at
extremely high cw intensities, for which the density of
filled shallow traps (and the corresponding d-nsity of
donors ionized by light) saturates, My, = Ny = constant,
the photoconductivity is a linear function of intensity.
Another factor that tenus to make photoconductivity a
sublinear function of intensity is the decrease in the ab-
sorption from the deep donors, sp(Nps — Np) Av. This
occurs when the density of donors ionized by light be-
comes comparable with the density of un-ionized donors

in the dark.
The explicit intensity dependence of the density of free
carriers is given by

Snln

flo = 2yp(Na + M7)

(Npa = Mp) - N
+ )

(Noa — Mp — Ny
e )

4Nout .+ Mr)]m)' a9)

o(lo)
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In the intermediate range of light intensities, where the
density of free carriers is a sublinear function of light in-
tensity, Eq. (19) for n, can be approximated by the func-
tion I* with 0.5 < x < 1.'* The x ~ 0.5 limit is reached
for Iy << B/sr and when all donors are un-ionized in the
dark and in thermal equilibrium, N, = 0.

In grating-erasure experiments for which the average
light intensity illuminating the crystal does not change
during the write-erase cycle the population of the filled
shallow traps and the density of the free carriers will be
independent of time. Ir this case the grating-erasure
rate will be proportional to the steady-state photoconduc-
tivity and is therefore expected to be a sublinear function
of the erasing intensity. This prediction has been experi-
mentally verified in a few BaTiO; samples.

D. Steady-State Charge Gratings

In this subsection we present expressions for the steady-
state charge gratings in the deep and the shallow levels for
sinusotdal illumination. When the crystal is illuminated,
the charges that are transferred from the partially filled
donor level to the empty shallow traps allow gratings to
form in both levels.

In the low-intensity approximation. n, << Ny, M, and
inyt << [N} = M, and in the absence of an externally ap-
plied field the amplitude of the charge grating in the deep
donors is given by

(+e)N| — meNg (‘f—:;_: Eo.)
1 koo’
(1 + srloB) (K + ko)

+ meM;g (20)

and the amplitude of the shallow-trap charge grating is

1 k*
(-e)M, = M > 3
€)ry me 5(1 Y Bisrla) (B + ko))
M, ! Koo’ (21)
- meMg-—rm——— s
‘ B+ srln/B) (B° + ky7)
Here
. (l\v'n,q - AVQ)(AVA + .’Vq) ﬁ{g(ﬂr!r - 1\{0)
‘\E = - ’ Mg = ———">
Np Mr
(22)
e ?1\"5; e "‘A‘!F
kop? = == ot = = 2
T Ry T T kg T (23)
and
kot = kot ¥ kot (24)

is the square of the Debye screening wave vector. {In
the presence of an applied electric field, Eqs. (20) and (21)
for Ny and M, are modified by replacing k% by k{k -
ieEy/kpT). Note that the Dehye screening wave vector is
a function of light intensity through its dependence on N,.

In the absence of an applied field, the charge gratings
in the shallow and the deep traps, (~e)M, and (+¢)N,, nre
cach a sum of an in-phase and a acreening grating. The
in-phase gratings, given by the first terms on the right-
hand sides of Eqs. (20) and (21), are positive for both levels
and are proportional to k%, corresponding to the transport
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of charge by diffusion. The space-charge field is gener-
ated by the sum of the in-phase charge gratings of the two
levels. The acreening gratings, given by the second terms
on the right-hand sides of Egs. (20) and (21), have equal
magnitudes and opposite signs and correspond to the lat-
eral transfer of charge from the deep donors to the shallow
traps. The screening gratings of the two levels exactly
cancel each other and hence do not contribute to the
space-charge fieid.

It is interesting to note that the phase of the shallow-
trap charge grating, (—e)M,, with respect to the light pat-
tern changes with intensity (Fig. 2). In the absence of an
applied field, (—e)M, is 180° out of phase with the light
pattern for intensities I, < Bkop’/srk* and becomes in
phase with it at higher intensities. For I, < Bkop?/srk?
the screening grating in the shallow traps is larger than
the in-phase grating, so that (—e)M, is 180° out of phase
with the light pattern. In this case thermal excitations
from shallow traps dominate light excitations, and charges
accumulate in the bright regions, where there are more
electrons in the conduction band that can recombine into
the shallow traps. For I, > Bkop’/srk? optical excitations
dominate thermal excitations, forcing charges to accumu-
late in the dark regions. In this case the screening grat-
ing is smaller than the in-phase grating, making the total
shallow-trap charge grating, (—e)M,, in phase with the
light pattern. At the critical intensity I, = Bkop’/srk® the
grating in the shallow traps vanishes. The charge grat-
ing in the deep traps, (+e)N,, is in phase with the light
pattern independent of intensity.

Although the shallow-trap charge grating can be either
in phase or 180° out of phase with the light pattern {Fig. 2),
the total space-charge field (hence the electro-optic, two-
wave mixing gain) will not switch signs.* Since only the
in-phase components of the charge gratings contribute to
the space-charge field, the light pattern will always be in
phase with the total charge grating and 90° out phase with
the (electro-optic) refractive-index grating.

Note also that the screening gratings remain finite as
k — 0, while the in-phase gratings vanish. The screening
gratings do not contribute to the electro-optic index grat-
ing. However, the charge transfer between the deep and
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Fig 2. Stendy-state shallow-trnp grating M, aa a function of
the grating wave vector aquared for three writing intensities.
The parameters used are 8 = 10 Hz, 8/sy = 100 mW/em?, N, =
19 x10%em™ My = 19 x 10 em ™, Np = 10”7 em™, xp'/xr? =
0.5. (Only the ratio of the recombination rates affects the value
of the stendy-state charge gratings.)
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the shallow levels creates an absorption (and correspond-
ing refractive-index) grating that diffracts light and can
therefore be observed. Using a geometry in which the
effective electro-optic coefficient vanishes, Bacher et al.
recently reported that a component of the absorption grat-
ings in their BaTiO, sample remains finite as & — 0 and
is relatively large for A = 457.9 nm.** Their results are
in excellent quantitative agreement with the predictions
of our model. The change in sign of the shallow-trap
charge grating with intensity can be observed also by
measuring both the amplitude and the phase of absorption
gratings. In Section 3 we suggest another experiment for
observing the grating in the shallow traps.

E. Steady-State Space-Charge Field
The steady-state space-charge field is determined from
the spatially oscillating part of the Poisson equation

(kE, = ——Z(N, ~ M), (25)

We substitute Egs. (20) and (21) for Ny and M, in Poisson’s
equation, Eq. (25), and solve for the space-charge field to
obtain

kT
Ey=-im p Tl(lo)l n kg/k?' (26)
where
1 ko, )
Io) = —lkop? + ——————1- 7
’7( 0) koz oD 1+ B/Srlo (2‘)

Note that Eq. (26) for the space-charge field has the
same form as the familiar result of the Kukhtarev or
Hopping model'? except for the intensity-dependent factor
0 < n = 1. In addition the Debye screening wave vector,
given by Egs. (22)-(24), is a function of light intensity in
our model.

In the hypothetical case that sy ~ 0 and the density of
shallow traps far exceeds the density of un-ionized donors,
M7 >> Np — N,, the Debye screening wave vector and the
factor n will decrease as intensity is increased, and n — 0
at high intensities. Such a material would become trans-
parent, and its photoconductivity would saturate at high
illumination intensities.

Inspection of Eqgs. (26) and (27) shows that 1/2 < n < 1
as long as the space-charge field is an increasing function
of light tutensity, which is the case for most crystals stud-
ied so far. When the density of shallow traps is compara-
ble with the density of donors, My ~ Np,, and all the donors
are un-ionized in the dark and in thermal equilibrium,
N, = 0, then the factor n varies between 1/2 (for I, <<
B/sr) and 1 (for 1, >> B/sr). Under the same conditions
the Debye screening wave vector k¢ and the space-charge
field vanish for low intensities, because the donor level is
full, and a spatial redistribution of charge is not possible,
As the intensity increases, shallow traps are populated
and deep trapa are unpopulated, making k, and the space-
charge field increasing functions of light intensity. These
conditions seem to hold, for example, for the Bal10, sam-
ple of Ref. 4 and for the Free and Cat crystals of BaTiO,
uzed in Ref. 13. 1If, on the other hand, the density of
filled shallow traps remains low compared with the density
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of donors ionized in the dark and in thermal equilibrium,
M, << N,, the factor 7 is nearly unity and the Debye
screening wave vector kg varies little with light intensity.
We believe that most BSO crystals,®'"!” and some BaTiO,
samples (e.g., the Swiss and Hop crystals of Refs. 8 and 18
and the Rob crystal of Ref. 13), fall into this category.

The value of the space-charge field measured in two-
wave mixing experiments is often less than that predicted
by the single-carrier Kukhtarev or Hopping model. This
discrepancy is usually attributed to electron-hole com-
petition,'”*?® which reduces the space-charge field by a
k-dependent factor 0 s |£(k)| s 1. However, in some
BaTiO; crystals shallow traps alone reduce the space-
charge field by a factor 1/2 < n < 1, which could be mis-
taken for a k-independent electron-hole ccmpetition
factor. Since the thermal-equilibrium dark conductivity
of the crystal also decreases the photorefractive space-
charge field at low intensities, it is common to choose the
writing intensity such that the photoconductivity exceeds
the dark conductivity. However, this does not guarantee
that n = 1, because the intensity that is necessary to satu-
rate the shallow traps (and therefore make n ~ 1) is often
much higher. The saturation intensity can be deter-
mined in experiments in which the light-induced erasure
rate of a photorefractive grating is measured as a function
of intensity."

Figure 3 shows a theoretical plot of the steady-state
space-charge field E, as a function of the square of the
grating wave vector k? for various writing intensities.
Note that, as the light intensity increases, the amplitude
of E, increases and the peak of the curve (k = &) moves to
higher k values. Chang'® reported that the Debye screen-
ing wave vector k, increased by ~15% as the intensity
increased from I = 10 x 10" W/em? to I = 0.4 Wem? in
their sample of BaliO; (Hop crystal). Brost et al.* showed
that ko increased by ~50% between I = 2 x 10°2 W/cm?
and I = 2 W/em? in their BaTiO; sample. Apparently
M, << N, in the Hop crystal, while M, = N, in the BaTiO,
sample used by Brost et al.

Our model also predicts that the Debye screening wave
vector k, is a function of the wavelength of light. Since
the density of donors ionized by light, n,, depends on the
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Fig. 3. Steady-state space-charge field E, as a function of
.he grating wave vector squared for various writing intensities.
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for Fig. 2.
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ratio of the light-excitation cross sections from the deep
and the shallow traps, sr{A)/sp(1), the effective density of
photorefractive traps (and ko) is expected to vary with the
wavelength of light. Many rescnrchers?'® have reported
that the effective density of photorefractive traps varies
with the wavelength of light, but to our knowledge no ex-
planation has been given before this study.

3. DARK DECAY

A. Persistent Photoconductivity

In the absence of shallow traps the conductivity decays to
its thermal-equilibrium value within a recombination time
(approximately nanoseconds) after the lights are switched
off. In the presence of shallow traps the conductivity
drops to an intermediate value within a recombination
time and decays to the thermal-equilibrium conductivity
in microseconds to seconds after the illumination ia
switched off."* This so-called persistent photoconductiv-
ity is determined by the density of free carriers in the
dark, no(?).

In this subsection we derive an equation for ng(t) in the
dark after cw illumination. We assume that the recombi-
nation time of free carriers to either the shallow or the
deep level is much shorter than the relaxation time of the
density of filled shallow traps. In this case the time
derivative of ng in Eq. (3) can be neglected for times longer
than a recombination time. Using the rate equations,
Egs. (1)-(3), with I; = 0 and the low-intensity approxima-
tion, relations (7) and (9), we find a transcendental equa-
tion for the density of filled shallow traps:

1”3(!) A’”O(’) + N‘ ~(1 e Na Mriil s 9p NavrMe)
My Mr

Bt

—_— 1 (28
1+ YTMT/YDNA) (28)

= const. exp( -
where the constant i3 determined by the initial conditions,
The density of filled shallow traps decays nonexponentially
in the dark unlesa Mo/N4 << 1. The density of free carri-
ers in the dark is given from the rate equations, Egs. (1)
and (2), in terms of M, by

BM,(2)

n ([) = .
° yolNa + yrMr + (yp — yr)Moit)

(29)

Even if My/N, << 1, the density of free carriers decays
nonexponentially in the dark unless {yp — yr|Ms <<
yoN4 + yrMr. In this case the lifetime of free carriers
in the conduction band remains constant during the decay,
and the density of free carriers decays exponentially in
the dark.

B. Fquations for Dark Decay of Charge Gratings
When the lights are switched off, the shallow traps begin
to depopulate thermally. A charge is thermally excited
out of a shallow trap and retrapped several times before it
recombines with a deep donor. The thermal depopulation
of shallow traps in the dark causes the space-charge field
to decay or, in certain cases, develop in the dark. It is also
possible for the space-charge field to undergo damped oscil-
lations in the dark even in the absence of an applied field."
In this subsection we derive equations for the time de-
pendence of the charge gratings in the dark. We assume
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that the grating amplitudes vary slowly compared with
the recombination rate of the free carriers, yp(Nsx + Np) +
vyr{Mr — M), 50 that we can neglect the time derivative of
n, in Eq. (3). The spatially oacillating parts of Egs. (1)~(5)
with Iy = 0 give a set of two coupled differential equations
for the grating amplitudes N;(¢) and M,(¢):

?LV_E _ (kz + Krz)‘yz)no + eunoKo’/z
e (R* + K%
(B + yrno — euno/e)Kp’
- (k* + K?) "
My (yonmo - e#"o/E)Kr1N
e K+ K?
(R* + Kp*)(B + vrno) + eunoKr'fe
- k? + K?

M

Ml ’ (30)

where

K2 = eyp(Na + No)’
o [J.kg T

- e)‘r(M_‘r - Mo)'
ukaT

K = K,® + K& (31)

Here K, 7! is the average distance an electron moves be-
fore recombining to a deep trap, and Kr~' is the average
distance an electron moves before recombining to a shal-
low trap. Note that no, My = No, K2, and Kp? are func-
tions of time in Egs. (30) and (31). These equations can
be solved analytically only in the special case that the den-
sity of filled shallow traps is low compared with both the
total density of shallow traps and the density of donors
ionized in the dark.

C. Special Case (M, << N4, M;)

In this subsection we derive an analytical expression for
the time dependence of the charge gratings, N, and M,,
and the space-charge field, E,, in the dark. We consider
the case for which the density of shallow traps that are
filled during illumination is low compared with both the
density of donors that are ionized in the dark and the total
density of shallow traps:

Mo/NA << 1, (32)
Mo/Mr << 1. (33)

We believe that these conditions are met in most BSO
crystals and in BaTiO, crystals with a large dark-storage
time. If My/Na << 1 during illumination, the steady-state
space-charge field and effective trap density vary little
with intensity, and the photoconductivity scales nearly
linearly with light intensity. In BSO photoconductivity
scales approximately as I*, with x ~ 0.8-1.0,® and the
steady-state space-charge field varies little with intensity,
so that M,/N, << 1 in this crystal. The photorefractive
properties of BaTiOy vary greatly from sample to sample.
For example, photoconductivity scales approximately as I*
withx ~ 0.8~0.9 in the Hop crystal used in Refs. 8 and 18,
the Swisa crystal of Ref. 18, and the Rob crystal of Ref. 13,
so that My/N. << 1 in these BaTiO, samples. However,
the condition M,/N, << 1 is not valid for the BaTiO; sam-
ple used in Ref. 4, in which the effective trap density is a
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strong function of intensity, or for the Free and Cat crys-
tals of Ref. 13, in which photoconductivity scales approxi-
mately as I* with x ~ 0.6-0.7. The condition that the
density of shallow traps filled during illumination be low
compared with the total, M,/Mr << 1, can be indirectly
verified in dark decay experiments.

Applying the condition My/N, << 1 ta the transcenden-
tal equation for the density of filled shallow traps, Eq. (28),
we obtain

Mo(t) = Myt = O)exp(—-at), (34)
where

B

e 35
TT U+ yrMr/yoNY 35)

and M,y(t = 0) is the density of filled shallow trapsatt = 0
when the lights are switched off. Note that the decay
rate a of the filled shallow trap population is slower than
the thermal excitation rate B because of multiple trapping
of charges by the shallow traps. When M,/N, << 1 and
M,/Mr << 1, the density of free carriers will decay expo-
nentially in the dark and is given by

BMq(t = 0)
nolt) = ———————exp(-at), (36)
’ YoNa + yrMr P

where we have used Eq. (34) for the density of filled shal-
low traps. Substituting Eq. (34) for the density of filled
shallow traps and Fq. (36) for the density of free cacriers
into Eq. (30) for the charge gratings and after some mathe-
matical manipulation, (see Appendix B), we obtain

M) = expl(f + g — q){o exp(--at)]

b
x [Ao;o exp(—at)F(l 2oL 2 - b; 2q¢ exp(—at))
2 2q

+ B, exp(—abt)i'(% — {;v b; 2q¢ exp(—at))]. (37)

1
Ni(t) = . expl(f + g — q){o exp(-at)]

{Ao[(f - & - @¥oexp(—at) + 1 - B]

x
X F(l - % - 2_rq' 2 — b; 2q¢ e;;p(—at))
r
+ Ao exp(—at)(q - E_-—b)
X F(Z b Z.a- b; 24, exp(—at))
2 2q
+ Byexp(—abt)(f ~ g — @)

b r
- ,b 2 —at
X F(2 24 b; 2q¢{o exp(—a ))

+

B, exp(—abl)(q ~ %)
b r

X F(l + = = — 1+ b; 2¢q{ exp(—at))}. (38)
2 2q

Here F is the confluent hypergeometric function,
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_Mfit=0)

{o M,

(39)

is the fraction of the shallow traps that are filled at ¢t = 0
and is a function of the intensity of light used to write the
grating,
1+ kz/KD1
b= 7, 2"
1+ kk
_ Mrxr® (L= kodt/o?)
€= Na < (1 + k2 Y
1 Mr el + (B + koa?)ke?

S A R

1 Krz 1+ (kz + kosz)/sz
=—— . 40
£= 973 1+ kit 40)

Also,

@ =[(f-gP—-chl, r=s[bf-g -cd,

_f_rj (1 - kosz/Krz) l

h= T T T Ry 1+ Rt

(41)

In the presence of an applied electric field E, the defini-
tions, Egs. (40) and (41), are modified by replacing k* with
k(k — ieEy/ksgT). The constants of the material, which
are independent of the intensity of light used to write the
grating, are

ot = e’N, . _ M
% " kg T 7 ehsT
1_ s 1 _ evrMr 2

Xp K' = Krz + KD,. (42)

wksT T T uksT
Note that the lengths k,,! and k,s™! that characterize
dark decay are different from their corresponding values
for cw illumination. The constants A, and B, are deter-
mined by the amplitudes of the gratings in the deep and
the shallow traps at ¢ = 0 when the lights are switched
off, Ni(t = 0) and M,(¢ = 0). The time dependence of the
space-charge field in the dark is determined from the Pois-
son equation and inequality (12) with Egs. (37) and (38)
for the charge gratings in the shallow and the deep traps:

Et) = - [Ni(t) = Mu(0). (43)

Dark decay of photorefractive gratings can be observed
by introducing a weak probing beam that is incident upon
the grating at the Bragg angle and by measuring the in-
tensity of the diffracted signal as a function of time. In
the limit of weak dif raction efficiency, the diffracted
signal intensity is proportional to the absolute square of
the space-charge field: L, (t) = |E,(t)|>. As expected,
Egs. (37) and (38) predict that for times longer than the
decay time of the filled shallow-trap population, t > 1/a,
the grating in the shallow traps will be completely erased,
M,(t >> 1/a) — 0, while a portion of the deep-trap grat-
ing will remain, N,(t >> 1/a) — Aqs{1 - b)/c; hence
I4(t >> 1/a) = constant. This partial erasure of a pho-
torefractive grating in the dark that is caused by shallow
traps is called coasting.®
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Fig. 4. Grating diffraction efficiency as a function of time in
the dark, normalized to its value at ¢ = 0 for various writing
lntenames in BSO The pnrameters used are 8 = 5 Hz, B/sr =
10 mwcm ko‘ = 150 pm?, ko’ = 100 um?, xp? = 0.2 pm™,
xr? = 002 um .

The temporal behavior of the charge gratings in the
dark, M,(t) and N,;(¢), depends on the intensity of light, I,
that is used to write the grating, the grating wave vector,
and the Debye screening and diffusion wave vectors of the
material. The only intensity-dependent quantities in
Egs. (37) and (38) are A¢(lo) and By(l,), which are deter-
mined by the amplitudes of the charge gratings in the two
levels during illumination, and {4(/,), the fraction of shal-
low traps filled during ilumination. {s(l,) increases as
light intensity increases, saturates at high intensities ac-
cording to Eq. (14), and is much less than 1 in the approxi-
mate regime that we are considering.

For a fixed writing intensity the temporal behavior of
the charge gratings in the dark is most dramatically af-
fected by the factor q in the argument of the hypergeomet-
ric functions and by the sum f + g, which appears in the
exponent of the exponential prefactor. All the other
parameters of the hypergeometric functions remain of
order unity for all values of the grating wave vector. For
large grating wave vectors, k% >> kys?, koa?, 2 the sum of
f + g and q are less than or equal to 1, so that q{, << 1
and (f + g){o << 1. In this case the hypergeometric
functions and the exponential prefactor in the expressions
for the charge gratings, Eqs. (37) and (38), can be approxi-
mated by the first two terms of their respective series,
and the decay of the space-charge field can be described
by a sum of two exponentials. This prediction can be used
to test the validity of our assumption that the shallow
traps are onlv partially populated, o = My/M; << 1.

For smaller grating wave vectors, the time dependence
of the gratings in the dark is more complicated and de-
pends on the ratio of the Debye screening wave vectors ko,
and kos to the diffusion wave vectors xp and xr. The
Debye screening wave vector is typically kg ~ 10 pm™" in
both BaTiO, and BSO, whereas the diffusion wave vector
in BaTiO;, xp.r0, ~ 24 um™', is much larger than that in
BSO, xaso ~ 0.5 um™!. (Here we suppose, for the sake of
argument, that the Debye screening and diffusion wave
vectors for the deep donors are of the same order of mag-
nitude as the corresponding wave vectors for the shallow
traps, kos ~ kos and xp ~ xy.) Hence the dark decay of
gratings with small grating wave vectors will have sub-
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stantially different behavior in BaTiOs and in BSO. In
Subsections 3.D and 3.E we discuss the solutions obtained
above for the dark decay of photorefractive gratings in
BSO and BaTiO, crystals.

D. Dark Decay in BSO

For small grating wave vectors, k < kg, and for typical
parameters of BSO, xpso ~ 0.5 um™ and ks ~ 10 um™,
the argument of the hypergeometric functions, 2q{,, is
much larger than unity because ¢ ~ 10-10*, so that many
terms of each series have to be retained for an accuracy of
the order of {,2.. In addition the exponential prefactor in
Egs. (37) and (38) deviates from a simple exponential be-
cause the sum f + g and q become large. Hence the
functions M,(t) and N;(¢) will be highly nonexponential in
time for small-k gratings in BSO. Note that although the
filled shallow-trap population and the free-carrier density
decay exponentially in the dark, the dark decay of the
charge gratings and the space-charge field are highly non-
exponential in time,

Figure 4 shows theoretical plota of grating diffraction
efficiency in BSO as a function of time in the dark, nor-
malized to its value at ¢ = 0 when the lights are switched
off, |E,(0)|*/|E(0)|? for & = 3.3 um™! and various writing-
beam intensities. Note that the rate and the total amount
of decay increase as writing intensity increases. As the
writing intensity increases, the fraction of shallow traps
filled during illumination, {,, increases, and the dark
decay of the photorefractive grating becomes faster and
more nonexponential. Also, since there are more charges
stored in the shallow traps at higher intensities, more of
the grating will decay in the dark.

Figure 5 shows theoretical plots of normalized grating
diffraction efficiency, |E,(t)|%/|Ey(0)|? in BSO as a func-
tion of time in the dark for gratings of various wave vec-
tors, k's, written at an intensity I, = 1 W/cm?, where the
shallow traps are saturated. Note that the decay rate and
the total amount of decay are larger for gratings with
smaller k's. The decay of gratings with large wave vec-
tors can be described by a sum of two exponentials, and
the total amount of decay is small. For gratings with
large k’s in BSO the grating erasure is inefficient, and the
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T o04
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8. 0.4 0.6 0.8 1.0
Time in the dark

Fig. 5. Grating diffraction efficiency as a function of time in the
dark normalized to its value st ¢ = O for various grating wave
vectors in BSO. The parameters used are the same as those
for Fig. 4.
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photorefractive grating decays in the dark at nearly the
same rate as the density of free carriers. Also, it takes a
large charge to write or to erase a grating with a large &
{small spacing), so that the charge stored in the shallow
traps during illumination is not enough to erase a sub-
stantial part of the grating in the dark. On the other
hand, the decay of gratings with small wave vectors in the
dark is nonexponential in time, and the amount of decay
is substantial. In BSO, grating erasure is quite efficient
for small-k gratings, so that the decay of the grating in the
dark is much faster than the decay of the density of free
carriers. Also, it takes little charge to write or to erase a
grating with a small k (large spacing), so that the charge
stored in the shallow traps during illumination is suffi-
cient to erase nearly completely the grating in the dark.

In order to characterize dark decay of photorefractive
gratings without having to confront the full complexity of
the solutions, we define two new quantities:

Lalt = 0) = Lyt >> l/a)
Lt = 0)

C = 100 (44)

is the percentage of the signal diffracted from the pho-
torefractive grating that decays in the dark because of
shallow traps (coasting) and

=L %s)
R - lu(( d‘ t=0 (45)

is the decay rate of the diffracted signal at t = 0 when the
lights are switched off. Figures 6 and 7 show the percent
coasting, defined by Eq. (44), and the decay rate at ¢ = 0
as functions of the grating wave vector in BSO for a writ-
ing intensity /, = 1 W/em?. Coasting reaches 100% for
small k's but decreases as the grating wave vector in-
creases, eventually reaching a plateau for k = kgs. In-
creasing the density of shallow traps increases coasting,
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but the location of the plateau at large grating wave vec-
tors remains fixed at & ~ kos. The initial dark decay
rate R is a constant for amall k’'s, begins to decrease as the
grating wave vector increases when kR ~ xp, and reaches a
second plateau at & ~ xo4. The dependence of the initial
dark decay rate on the grating wave vector is the same
as that for light-induced grating decay,” except that the
characteristic wave vector ko, for dark decay is different
from the corresponding wave vector for cw illumination.
Also, both the percent coasting C and the initial dark
decay rate R increase with increased writing intensity
and saturate (Figs. 8 and 9), showing a behavior similar to
the intensity dependence of the fraction of shallow traps
filled during illumination.

E. Dark Decay in BaTiO,

For typical material parameters of BaTiO; the decay of
the space-charged field in the dark can be approximated
to order {,’ by a sum of two exponentials, because g, << 1
and (f + g){o << 1 for all values of the grating wave
vector. Figure 10 shows the theoretical plots of |E,()|%/
|E\(0)|? for BaTiO; as a function of time in the dark for
gratings of various wave vectors written at a fixed inten-
sity I, = 1 W/em®. The total decay in the dark increases
with increased wave vectors in BaTiO, (opposite the trend
for BSO), and the functional form of the decay remains
double exponential for all k's. As the grating wave vector
increases, grating erasure becomes more efficient in Ba-
Ti0,, and the total decay in the dark increases. However,
the amount of decay in the dark remains small for all k's.
It takes a large charge to write or to erase a grating with
a large k (small spacing), and there is not enough charge
stored in the shallow traps during illumination to erase a
substantial fraction of the grating. For small-k gratings,
which take little charge to erase, the shallow traps do have
enough charge to erase the entire grating. However, in
BaTiO, erasure is inefficient for gratings with small &’s,
so that the shallow traps can erase only a small fraction of
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Fig. 7. Initial dark decay rate R as s function of the grating
wave vector. The parameters used for BSO are the same as
those for Fig. 4, and the parameters for BaTiO, are the same as
those for Fig. 6.
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Fig. 9. Initial dark decay rate R as a function of the writing
intensity for BSO. The parameters used are the same as those
for Fig. 4. The curve for BaTiOy has the same shape.

the grating in the dark during the short (few seconds)
time that they have before they are depopulated.

Figure 6 shows a plot of percent coasting, defined by
Eq. (44), as a function of the grating wave vector in BaTiO,.
Note that coasting increases as the wave vector increases
in BaliO,, opposite the trend in BSO, with plateaus at
k ~ kos and k ~ xp (which is off scale on the horizontal
axis). As in the case of BSO, the percent coasting in-
creases with increased light intensity and saturates at
high intensities, because more charge is stored in the
shallow traps at higher writing intensities. The initial
dark decay rate R of the signal diffracted from a grating
in BaTiO, also increases as the grating wave vector &
increases (Fig. 7). R has the same & dependence as the
light-induced erasure rate,' except that the plateau in
Fig. 7 occurs at the Debye screening wave vector that cor-
responds to dark decay, kg,.
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F. Enhancement of the Space-Charge Field in the Dark
Inspection of Eq. (30) for the time dependence of the grat-
ing amplitudes reveals that 3(N, — M,;)/at can be positive.
Hence the space-charge field can grow (or have damped
osc:llations) in the dark, even in the absence of an applied
field.!! Here we give an example.

Suppose that the charge gratings formed during illumi-
nation in the deep and the shallow traps have equal mag-
nitudes and opposite signs and that the space-charge field
is quite small, E, = (|N;| — [M]) ~ 0. This can occur, for
example, when a grating with k& ~ 0 is written to steady
state or when low-energy pulsed light is used to write a
grating of arbitrary k that has not reached steady state.
When the writing beams are switched off, the total charge
grating and the resulting space-charge field will initially
increase, because the gratings in the shallow and the deep
traps decay at different rates. Figure 11 shows a theoreti-
cal plot of the normalized grating diffraction efficiency in

1.0
kl=1um?

5 0.8+ K =100um’
% - k.’:S()O;.xm1
£ ¢ 0.6}
g w
E Z BaTiO;
S 9 o4k
._é
E  o0.2p
F4

0.0 1 L 1

0 2 4 6 8

Time In the dark (sec)

Fig. 10. Grating diffraction efficiency as a function of time in
the dark normalized to its value at ¢ = O for various grating wave
vectors in BaTiO;. The parameters used are the same as those
for Fig. 6.
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Fig. 11. Grating diffraction efficiency as a function of time in
the dark normalized to its value at ¢t = 0 for BaTiO,, assuming
that the charge gratings in the drep and the shallow traps have
equal magnitudes and opposite signs at £ = 0. Note that the
space-charge field develops in the dark. The inset shows the
decay of Ni, the grating i1, the deep traps, and M,, the grating in
the shallow traps.
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the dark, |E,(2)|*/|E\(t = 0)?, for BaTiO, for & = 10 um™!
and initial conditions that demonstrate the above situ-
ation. The inset shows the time dependence of the grat-
ing amplitudes M,(¢) and N,(¢). Note that the shallow-trap
grating decays faster than the deep-trap grating. Re-
cently Smirl et al. observed that the grating diffraction
efficiency increased in the dark for a few seconds after
illumination of a BaTiO, sample by two 30-ps writing
pulses.”? Oscillatory behavior of the space-charge field in
the dark (with no applied field) was also recently observed
in BSO and can be understood in terms of our model."

SUMMARY

In summary, we have solved the charge-transport equa-
tions for a photorefractive insulator with shallow and
deep traps and have derived analytical expressions for
the photorefractive charge grating and space-charge field,
Debye screening wave vector, photoconductivity, and ab-
sorption at steady-state for cw illumination. We have
shown that, if sha'low traps can accumulate a large den-
sity of charge, then the photoconductivity is a nonlinear
function of light intensity and that the photorefractive
space-charge field and the Debye screening wave vector
are strong functions of the intensity and the wavelength
of light.

We have also solved for the time development of the
space-charge field in the dark in an approximate regime,
which, we believe, applies both to BSO and to BaTiO, crys-
tals with large dark-storage times. We have shown that
the grating in the shallow traps also plays a significant
role in the dark decay of the photorefractive space-charge
field. According to our model, even if conductivity decays
exponentially in the dark, the decay of the space-charge
field is highly nonexponential for gratings with small
wave vectors in BSO. In BaTiO, crystals (with long dark-
storage times) and for gratings with large wave vectors in
BSQ, the grating decay consists of two exponentials that
decay to a constant background that lasts for hours. The
amount of decay in the dark increases with increasing
grating wave vectors in BaTiO; and with decreasing grat-
ing wave vectors in BSO. We have also shown that ther-
mal depopulation of shallow traps in the dark can, in
certain cases, cause the photorefractive space-charge field
to increase in the dark.

APPENDIX A: CHANGES FOR
HOLE-DOMINATED CRYSTALS

The following recipe converts our electron-dominated
shallow-trap model and its results to a hole-dominated
model:

1. Replace the shallow electron traps near the bottom
of the conduction band by shallow hole traps near the top
of the valence band.

2. Replace light excitation of electrons to the conduc-
tion band by the light excitation of holes to the valence
band. Hence Sp and St become the cross sections for hole
excitation from the donors and shallow traps, and y, and
yr are coefficients of hole recombination to the donors and
shallow traps.

3. Make the following substitutions in the theoretical
expressions: ¢ — ~e, u — —u, Npa — Niy, Ny —=Npa,
My — M — M and M —M; — M, Np i3 unchanged.
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APPENDIX B: DERIVATION OF N(t) AND
M,(t) (DARK DECAY)

Using Eq. (34) for the density of filled shallow traps and
Eq. (36) for the density of free carriers in Eq. (30) for the
charge gratings, we obtain

1 aN.

:;1 = —[d - h¢o EXP(-GI)]Ml - 2o exp(_a‘)Nh
(B1)

%% = —(b + 2g{o exp(-athM, - c{, exp(~at)N,.

(B2)

The coefficients appearing in Eqs. (B1) and (B2) are
defined by Eqs. (40)-(42). We change variables to x =
exp(—at) and obtain a second-order differential equation
for M,:

M, b [oM,
—2 _ |2 ; — ==
axz [ (f + g)so + x ] ax

(2fb — cd) b
X

+ [(ch + 4fg)o* + Lo + P]M’ = 0. (B3)

The solutions of Eq. (B3) are given by

b
Mi({ox) = exp(f + & — q){ox[on{OF(l -3 21
q

2 - b; 2q£ox) + Box°F(g - b; 2q{ox)]. (B4)
2 2q

where F is the confluent hypergeometric function and A,
and B, are determined by the initial conditions.”® Equa-
tion (37) for the time development of the shallow-trap
grating in the dark, M,(¢), is then obtained by changing
back to the time variable by the substitution x = exp(-at).

* The amplitude of the deep-trap grating in the dark, N,(¢),

given by Eq. (38), is obtained by substituting the solution
for M,(t) into Eq. (B2).
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Measuring photorefractive trap density
without the electro-optic effect

R. M. Pierce, R. S. Cudney, G. D. Bacher, and Jack Feinberg

Department of Phvsics. Universityv of Southern California, University Park, Los Angeles. California 90089-0484

Received October 30. 1989; accepted February 5, 1990

Two optical beams can couple in a photorefractive crystal without using the electro-optic effect. Beam coupling is
due 1o a spatially modulated absorption caused by the rearrangement of trapped charges. We use these gratings to
determine the effective photorefractive trap density for several barium titanate crystals.

In a photorefractive effect, light rearranges charges
among trapping sites in a crystal, and the resulting
electric field alters the crystal’s refractive index by the
electro-optic effect. However, if the polarizability of a
full trap differs from that of an empty trap, the trap-
ping sites themselves will alter the susceptibility of the
crystal. A periodic light intensity pattern will induce
a periodic population of empty and full trap sites, in
turn making the crystal's susceptibility periodic.
This trap grating can couple light beams even in the
absence of an electro-optic effect.

In most photorefractive crystals any beam coupling
from a trap grating will be masked by the much larger
coupling from the electro-optic grating. In this Letter
we present measurements of optical beam coupling
caused by trap gratings alone, using a geometry that
prohibits electro-optic beam coupling. Trap gratings
in photorefractive materials have been observed in
lead-lanthanum zirconate-titanate ceramic.!? More
recently, the effects of trap gratings have been noted
in GaAs3*and BaTi03.° We present, for the first time
to our knowledge, the use of trap gratings alone to
measure the effective trap density in photorefractive
materials.

Two-beam coupling by a trap grating has a unique
signature: it causes the transmitted energy to in-
crease or decrease in both beams. (In the BaTiO;
samples studied here the transmitted energy in-
creases.) This is in contrast to coupling by an electro-
optic grating, in which one transmitted beam gains
energy while the other loses energy. Energy is con-
served in trap-grating coupling since the grating sim-
ply reduces the effective absorption for both beams.

The coupling of optical beams by a trap grating can
be explained heuristically as follows. Let two beams
interfere in a crystal, creating a spatially periodic in-
tensity pattern. Charge carriers from trap sites will
diffuse out of the bright regions and accumul: .e in the
dark regions. If the (complex) polarizability of an
empty trap differs from that of a full trap, the spatially
periodic distribution of full traps will cause a periodic
change in the crystal’s optical dielectric constant. For
the case of no external or intrinsic uniform electric
field, the distribution of charge will be 180° out of
phase with the light pattern. The imaginary part of
this grating alters the energy of each of the optical
beams, while the real part alters their phases.

0146-9592/90/080414-03$2.00/0

After charge migration the brightly lit regions of the
crystal will have fewer charge carriers in the traps than
the darker regions. If these full trap sites absorb more
than the empty sites, then the effect of charge migra-
tion is to bunch the absorbers away from the light and
so decrease the absorbed energy. Where the light is
the brightest the absorption is now the least. This
reduction in absorption can be large only if the absorp-
tion from the traps is large. This heuristic picture
only shows why an absorption grating can increase the
transmission of both beams. In order to investigate
this effect quantitatively, a coupled-wave solution
must be performed.

Consider two coherent optical beams, having elec-
tric fields E, &, exp(k, - x — iwt) and Ezéz exp(iky-x —
iwt), interfering in a photorefractive crystal. The re-
sulting optical intensity pattern I(x) = I Re[l + m
exp(ik, - x)], with its modulation m = 2(é, - ;*)E,E,*/
(IE:? + |E2?), will impose a periodicity on the distri-
bution of full and empty traps, giving rise to a trap
grating with wave vector k, = k; — k,. Here &; and é;
are optical polarization unit vectors.

The crystal’s relative dielectric tensor €(x) is

€(X) = Ehom + ztraps(x) + €eo(x), (1)

where €host 18 the crystalline host contribution, %, is
due to the electro-optic (Pockels) effect, and € aps de-
pends on the polarizability tensors of full and empty
traps, ﬁfull and ﬁemptyy

€raps(X) = PraiNrun(x) + PemptyNempty(X), 2)

where we have assumed a single species of active trap
sites. The spatially periodic component of the total
dielectric tensor é(x) couples the amplitudes of the two
optical waves E; and E;. Using coupled-wave equa-
tions and assuming that |E;| « |E;l, we find that the
intensity /2(l) of the weak beam after propagating a
distance l is

L(D) = L(0)expl[~a + Yabs(ke) + YeolR}H, (3)

where a is the total background absorption coefficient
and v.1(k,) and v.o(k,) are the coupling gains per unit
length due to absorption gratings and electro-optic
gratings, respectively.

For simplicity, we consider a single charge-carrier
model.87 Let Ny and N,mpy be the spatial average of

© 1990 Optical Society of America
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Fig. 1. Absorptive coupling versus the sine of the internal
beam-crossing half-angle in four strangely named BaTiO;
crystals. The experimental geometry is shown in the inset.
The single large-angle data point for each crvstal was ob-
tained by directing the two beams into opposite faces of the
crystal. The solid curves are two-parameter fits to Eq. (6).

the full and empty trap site densities, respectively.
The coupling gain becomes

w
yabs(kg) = ; Im(p(ull - pempt}‘)

(,/k,)2

X|é, 8, —E2 —
R vy

Ne{f’ 4)
where the effective trap density Ney = NpuNempry/
(Nt + Nempry) and n is the index of refraction. InEq.
(4) we have made the polarizabilities isotropic. The
inverse Debye screening length k, in Eq. (4) is given by

e2

k2= —"——
€€qckpT

[4 Neﬂ" (5)
where kgT/e is the thermal energy per charge, ¢, is the
vacuum permittivity, and eq. is the relative static di-
electric constant of the crystal along the grating wave
vector k,. Equations (4) and (5) allow us to determine
the effective density of traps by measuring the absorp-
tion grating gain y,u:(k,) as a function of k,.

In order to measure y,ps(k,) exclusively, we first had
to eliminate any coupling from the electro-optic effect.
This is accomplished in BaTiQ; by choosing both of
the beam polarizations, &, and &,, and k, all to be
Igerpeildicular to the crystal’s ¢ axis (see the inset of

ig. 1).

Because yqps(k,) can be small, extra care was taken
in the measurement of this coupling strength. Any
light scattered from the reference beam by crystal
imperfections will interfere with the transmitted
probe bear at the detector and introduce a systematic
error. This noise is especially strong at small beam-
crossing angles. This scattered light was largely
blocked bv a 250-um-diameter pinhole placed 10 cm
after the crystal (the probe beam was focused through
this pinhole by a lens). Still, the remaining scattered
light could cause large errors in the measurement.
These were eliminated by varying the relative phase
between the scattered light and the probe light by
stepwise changes in the reference beam's path length
and then averaging the coupling measurements. We
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avoided errors from bulk light-induced absorption” by
never turning the light beams on or off: instead. we
destroved the absorption grating fand thus its cou-
pling) by rapidly vibrating the reference beam’s mir-
ror. When we stopped the vibration, the two-beam
coupling would increase from zero to a steady-state
value in a time typical for photorefractive charge
transport.

To check that no part of our measured coupling was
due to a remnant electro-optic effect, we performed
experiments using probe and reference beams of equal
intensity ((m| = 1). As expected for a pure absorption
grating, we observed gain of equal sign and magnitude
for both beams, to within 5%. (Any contribution from
an electro-optic grating would have decreased the gain
for one beam and increased it for the other.) As a
further check, we made one beam much weaker than
the other, measured its coupling gain, and then rotat-
ed the crystal by 180° around the c axis. We obtained
the same gain to within 2%; any electro-optic coupling
would have ruined this symmetry.

To determine the effective charge density, we mea-
sured yabs(R;) versus k, in several BaTiO; crystals.
The intensity of the strong beam was ~1 W/cm?, and
the intensity of the weak beam was 700 times less than
that of the strong beam, giving a modulation of m <
0.1. The coupling gain is shown in Fig. 1, where 6, is
the half-angle between the two optical beams inside
the crystal. The data are fitted to
1+kS/kz2
where ', and k, are fitting parameters. This equa-
tion follows from Eq. (4) for the geometry and polar-
izations of the inset in Fig. 1. We find that k; = &, for
an internal full crossing angle of 26;,, = 4-7°, depend-
ing on the sample of BaTiO3;. The large-angle data
points in Fig. 1 were obtained by directing the two
beams through opposite faces of the crystal. At these
large angles vabs(k;) is dominated by the cos? 26,
factor in Eq. (6). The fitting parameters k, and Ty,
and the inferred N, are listed in Table 1.

We also measured two-beam coupling with the con-
ventional geometry shown in the inset of Fig. 2, in

‘Yabs(kg) = rabs 0032 261m (6)

Table 1. BaTiO; Crystal Parameters®
BaTiO, Crystal

Swiss Doyle Twin Free
Nes(em™3) 3.1 X 10'® 3.5 X 10'¢ 4.5 X 106 7.4 X 1016
Roobs b 0.038 0.045 0.046 0.060
koot 0.24 0.25 0.32 0.37
Tabs (cm™7) 0.34 0.44 0.61 1.13
Teo (cm™1) 4.13 4.3 3.2 4.6
a{cm™!) 0.74 1.28 1.67 2.73
€@ 4200 3450 4200 4050
€« 130 125 130 120
(koto/k 2b*)2 40 31 48 38
/e 32 28 32 34
Tt/ 0.46 0.34 0.37 0.41

° The fitting parameters are k,*>® &, T',;.. and T,.; the measured
parameters are ¢,, ¢, and a. All measurements areat 7= 24°C A =
514.5 nm, o polarization, and a total intensity of 1 W/cm?.

5 Units of 4xn/A at A = 514.5 nm.
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Fig. 2. Electro-optic coupling versus the sine of the inter-
nal beam-crossing half-angle in four BaTiO; crystals. The
experimental geometry is shown in the inset. The solid
curves are two-parameter fits to Eq. (7).

which the electro-optic coupling y..(k;) is large. We
oriented the crystal’s ¢ axis so that the electro-optic
grating depleted the weak beam. Figure 2 shows the
measured ve,(kg) versus k.. Since absorption cou-
pling is also present {and can be as large as ~10% of the
electro-optic grating depletion at k; = k) we used the
previously determined value of the parameter I'yps to
perform a two-parameter fit to
2k, /k, 3 kR,

1ekR2E L 4RR?
The fitted values of T, and k¢ for these electro-optic
measurements are also listed in Table 1. Inthe geom-
etry of the inset of Fig. 2 a much larger beam-crossing
angle, in the range 28;,, = 26—45°, was required to
reach k, = k,. The required crossing angle is large
because the static dielectric constant is relatively
small (¢, = 120) when k, is parallel to ¢. In contrast,
with the absorption grating geometry of the inset of
Fig. 1, k, is perpendicular to the ¢ axis of the crystal,
and the dielectric constant is large (¢, = 4100), making
the corresponding crossing angle small. From Eq. (5),

Yeolkg) = (7)

(k% /k, %) = € [, ~ 34, (8)

so that the absorption grating &, should be approxi-
mately six times smaller than its electro-optic counter-
part. This implies that Ny can be determined in
BaTiO; by measuring two-beam coupling from ab-
sorption gratings at small crossing angles. This is a
definite advantage over the usual electro-optic beam-
coupling technique, in which the required large cross-
ing angles, with their varying beam overlap, often lead
to erzors.

We note that the data of Table 1 do not satisfy Eq.
(8) precisely; the ratio (k,®/k,*)? always exceeds the
ratio of dielectric constants. This may be caused by
inaccuracies in our capacitance-bridge measurement
of the dielectric constants, although the data are with-
in 10% of previously published values (except for one
sample). Another possible error is the fitted value of
k, obtained from our electro-optic coupling experi-
ments, since these measurements are prone to errors
caused by the required large crossing angles.

We can show that two-beam coupling from an ab-
sorptive grating can never completely overcome the

crystal absorption: at best it can only nearly balance it.
The total absorption « is due to the host crystal and to
both full and empty traps: « = an. + ainye. Inour
simple model the trap absorption is

== N V
Qyraps = ne Im(prmpl\‘vempl\ + P:uu‘\mn)

= Xempry + LI (9)
The ratio of the maximum absorption grating gain to
the total absorption loss is then
Fahs < I‘abs rabs ‘Vempi'\-

=< < — == = , (10

a gyl + Aempry Xy ‘Vfull + ‘Vempt}' )
which is always less than one. InTable 1 welist T,,./a
values for four BaTiO; crystals. If BaTiO;obeved the
simple charge-transport model considered here, then
Eq. (5) and relation (10) could also provide values for
the separate donor and acceptor densities. However,
charge transport in BaTiO; is known to be consider-
ably more complex than the simple model presented
here {there is more than one active trap level, and both
electrons and holes are mobile).>1? In fact, we have
observed a noticeable dependence on intensity in our
values for I, and k&,

In conclusion, we have used absorption gratings in
BaTiO; to determine the effective trap density.
These gratings are invariably present during electro-
optic beam-coupling experiments and can lead to er-
rors if not accounted for.®®* We also note that trap
gratings can occur even in centrosymmetric materials
and so can be used to study charge transport and
excitation in any material.
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multiple levels
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Two coherent light beams can couple in any absorbing material owing to a light-induced modulation of the
material's dielectric constant. In photorefractive crystals the coupling caused by these absorption gratings ap-
pears in addition to any electro-optic coupling, complicating the interpretation of data. However, in contrast
with the electro-optic gratings formed by charge diffusion, absorption gratings do not necessarily vanish as the
beam-crossing angle approaches zero if there is more than one absorbing level. We show that a plot of the cou-
pling strength of the absorption gratings versus the beam-crossing angle is characterized by only three parame-

ters, independent of the number of absorbing levels.

We use absorption gratings with a two-level model to

determine experimentally some important crystal parameters, including the relative density of donors and ac-
ceptors in a barium titanate crystal. Our values agree with those obtained from measurements of the bulk

light-induced absorption of the crystal.

1. INTRODUCTION

The photorefractive effect has cutgrown its early models.
These models assume that charges are trapped by both
donor and acceptor levels in a crystal, but they also as-
sume that the charges can be excited from only one of
these levels.!? These models predict, for example, that
the photoconductivity increases linearly with intensity
and, if the dark conductivity is small compared with
the photoconductivity, that the photorefractive coupling
strength and the effective Debye screening length are in-
dependent of optical intensity. Also, these models predict
that the magnitude of the two-beam coupling coefficient is
the same whether a beam is depleted or amplified. How-
ever, none of these predictions is true in the photorefrac-
tive crystal BaTiO;.

Much of the anomalous behavior of photorefractive
BaTiO; can be explained if charges are permitted to be
optically excited from more than one level. For example,
Holtmann® and also Mahgerefteh and Feinberg* recently
explained the sublinear dependence of the photoconductiv-
ity of BaTiOj by using a model that included an additional
trap site level or, equivalently, by permitting charges in
both the donor and acceptor levels to be excited by light.
A multilevel model also accounts for the observed inten-
sity dependence of the photorefractive coupling strength
and the effective Debye screening length in BaTiO;.*?
Motes and Kim® showed that part of the asymmetry be-
tween gain and depletion in two-beam coupling is caused
by the bulk light-induced absorption of the crystal, and
Brost et al.” showed that light-induced absorption requires
more than one active level in the crystal. Alekseev-Popov
et al.® showed that for a single photoactive level the cou-
pling asymmetry in photorefractive materials can also be
caused by a spatial modulation of the absorption because
this absorption grating produces either gain or loss for
both of the optical beams.>"

The above papers established the presence of absorption
gratings and the existence of at least two photoactive lev-

0740-3224/91/061326-07805.00

els in BaTiO;. In this paper we combine these two con-
cepts by investigating the effects of absorption gratings
when there is more than onc active level. We solve the
band-conduction model and obtain expressions for the
steady-state two-beam coupling gain due to absorption
gratings as well as to electro-optic gratings. Our two-
beam coupling experiments clearly reveal an intensity de-
pendence of the absorption-grating coupling strength vy,
the electro-optic-grating coupling strength y.., and the in-
verse effective Debye screening length ;. Our multilevel
model predicts all these effects. The model also predicts
that more than one trapping level can cause an offset in
the coupling constant y,,, so that the absorption-grating
gain does not vanish as the magnitude of the grating wave
vector k, approaches zero. This absorption-grating offset
also appears in all electro-optic beam-coupling measure-
ments, #s we will demonstrate in Subsection 3.C. We
measured this offset in several crystals of BaTiO;, and we
present data for the variation of this offset with intensity.
By fitting our data to the special case of one active donor
level and one active acceptor level, we determine the ratio
of the densities of donor and acceptor sites, as well as
other material parameters of one of our crystals.

2. THEORY

A. Band-Conduction Model for Multiple Levels

We derive expressions for the two-beam coupling gains per
unit length of absorption gratings and electro-optic grat-
ings for the case of ! levels, some of which are electron
donors and others of which are electron acceptors. We
will show that the absorption-grating gain as a function of
the magnitude of the grating wave vector k, contains an
offset term, which does not exist in a single-level model.
Additionally, we will show that the functional dependence
of the gain on %, is independent of the number of photo-
active levels.

© 1991 Optical Society of America




67

Cudney et a!

We consider only one tvpe of charge carrier. either elec-
trons or holes but not both. The band-conducticn model
for an arbitrary number of trap levels is described by the
following set of equations:

m’:tE = (B + s_,.I)"‘t,F - y_,nA’\'l,E, (1)
) = eunE = kyTuNn, (2
vV E-= 5}[_,‘\;‘5” + EENE) = n:l. 4)

where N,* and N, are the number densities of the jth sites
that are empty and full, recpectively, of the mobile charge.
(By definition, the total trap density of tne jth level is
N, = NF+ NE) In Eq (1) n is the number density of
charges in the appropriate band, and the optizal, thermal,
and recombination constants for the jth level are denoted
by s,, 8,, and y,, respectively. In Eg. (2) j is the total
current density, kg T is the thermal energy, e is the magni-
tude of the electric charge, u is the mobility of the charge
carrier, and E is the electric field. In Egs. (2)-(4) the
upper or lower sign applies according to whether the charge
carriers are holes or electrons, respectively. In Eq. (4) £ is
the relative dc dielectric constant of the crystalline host,
and ¢, is the permittivity of the vacuum.

The factors £ and ¢ in Eqgs. (3) and (4) denote the sign
of the charge at full and empty sites, respectively, of the
Jth level. The values of &° and &% depend on whether
the site is an electron donor or acceptor and on the type of
charge carrier. For example, if the mobile charges are
holes, then ¢ = 0 and £ = -1 for acceptor levels, while
&" = +1and &% = 0 for donor levels. These ¢, terms are
a bookkeeping device used to ensure charge neutrality,
but they play no role in our subsequent results since they
appear only as a difference in the formulas. In general,
&" ~ &F = +1 for holes and ¢ - £F = ~1 for electrons.

For clarity, we have neglected the photogalvanic effect,
as well as any externally applied electric field. Although
Eqs. (1)-(4) can also be solved if these effects are in-
cluded, the results are cumbersome. In any case, for the
absorption-grating geometry used in Subsection 3.A, the
photogalvanic effect is forbidden by the crystal's symme-
try, and no external field was applied during the experi-
ments. Equations (1)-(4) and the results derived from
them can also be generalized to the case of a continuous
distribution of levels. However, we find that such a gen-
erali. ation adds no new insights to the interpretation of
our experiments.

In order to rezover the one-active-level model,” we set
{ = 2 in Egs. (3) and (4) and make one of the levels the
active donoy level and the other an inactive acceptor level
by setting its recombination constant and its optical and
thermal excitation rates all equal to zero.

Consider two coherent optical beams with electric fields
Re[E, &, exp(ik, - x - iwt)) and Re[E,é, exp(ik,; - x -
iwt)] intersecting at a full crossing angle 26, measured
inside a photorefractive crystal. The resulting optical in-
tensity is I(x) = I Re[l + m exp(ik, - x)], where the modu-
lation is given by m = 2(é, - &,°)E, E:*/(|E,|* + |E1|?), the
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grating wave ve.tr .= k, = k; ~ k_. and /s the total av-
erage intensity  Here é and €, are the unit polanization
vectors of the incident optical beams. For m << 1 we
can approximate the number density of full sites of the yth
level by NF = N F + [N Fexptik, x + ¢c)’2. The
linearized solution for the first-order term N/ is

e 1 )k,,-ﬂku:uudz.(h -
> {9)

F — v el
Ny (L key = mN, ‘“(,3_, T 51) 1+ K kD)
where N is the intensity-dependent effective number
density of the jth level [N"(I) = NJ(N, - NN .
The term N, is equivalently written as N = N f(1 -
f,), where f; is the fraction of full sites of the jth level. The
steady-state filling fraction f,(I) = y,n,{I)/[B, + s, ] +
¥,n0(D)] is a complicated function of intensity because 1t
depends on the average density of free charge carriers.
no(l), which varies nonlinearly with intensity. The par-
ticular functional form of n,(I) depends on the number of
active levels. The magnitude of the grating wave vector
is k, = (2nw/c)sin 8., where n is the crystal’s index of re-
fraction at optical frequency w, and 8., is the crossing half-
angle between the two beams inside the cryvstal. The
effective inverse screening length k,, for the jth level is
defined by ko%1) = N (I)feenkg T, and the total effec-
tive inverse screening length k, is defined by k,%([) =
e’no(l)fecoks T + =i, ko*(I). The parameter ¢, in Eq. (5)
is & function of the thermal and optical excitation rates
from the different levels:

¢ =1 ( 5T )2k \B+ sl ©

The two terms in the last factor in the numerator of
Eq. (5) may be understood physically as follows. The term
proportional to k,’ arises from charges that are excited in
one location, migrate, and are trapped elsewhere, as de-
picted in Fig. 1(a). In the absence of any uniform dc elec-
tric field these charges are propelled only by diffusion,
and so their contribution to the spatially varying number
density N;;¥ is expected to scale as ky? for small spatial
frequencies, just as in the one-active-level model. How-
ever, a new term ¢, appears in the numerator of Eq. (3); it
is caused by charges that are excited from one leve] and
recombine into another level without diffusing, as shown

\\ A

@ (b)

Fig. 1. (a) Diffusive charge transport; (b) no diffusion.
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in Fig. 1ib. These two yrocesses of o charee difusion
and 110 local charge oxaitation between levels witheut dif-
fusion are linked bv g~ % and 60 To cur knowledge.

the presence of this = term was first derived analvtically
by Tavebati and Muhger«fteh - und independently by
Knva'zkov and Lobanov® for the special case of two ac-
tive levels.

B. Absorption-Grating Gain

We now use these results to derive an expression for the
absorption-grating gain per umt length coefficient. The
spatially varving relative dielectric constant ¢, (X) pro-
duced by the trap sites of the crystal iz given by

Frogai X6 = Sp_ ’r_\'_.'rix') + p £y E(x), (7

where p © and p.f are the polarizabilities of the full and
empty trap sites, respectivelv, of the yth level. Note that
thes effect 1s local:  the change in the polarizability at lo-
cation x is due only to the occupation of the various trap-
ping sites at that location. [This is in contrast with the
usual electro-optic {Pockels) grating. where a charge at
one place produces an electric field that alters the crystal’s
refractive index elsewhere.] Using Egs. (5) and (7) and
the usual coupled-wave approach, we find that the imagi-
nary part of the polarizabilities, i.e., the absorption,
causes a change in the transmitted energy of the two
beams. In the undepleted-pump approximation the in-
tensity of the weak beam grows {or decreases, according
to the particular crystal) exponentially with a gain per
unit length, v, given by

Tad DR, RolDVE + U1V

WLk = , - €77 (8
Faorl £ Byl 1+ (kg kotd)F e e )
where [,,.(]) is given by
N . I
Ml 1) = <2 SN (—i——)lmup,) 9)
ne 5 B, + s '

and Ap, = p,f - p,£. Note that the inverse screening
length k,t1) becomes intensity dependent, as mentioned in
Subsection 2.A.

For comparison, the coupling gain per unit length in the
simple one-active-level model is given by"

tke/ko)®

T - €y 68 10
ab 1+ lkx/qu ey €2 ( )

Ymn‘-kg) =
In the low-intensity limit, i.e., when ny(I) is negligible, k,
is independent of intensity in Eq. (10).
The most significant difference between the single-level
and multilevel models is the appearance of an offset term
tilvin Eq. (8), where

i

w 4 s, 1
r!)l "_S\A\Hnl 1 (__-’
) c o (heth) B, +s,1
If the number density no(l) of free carriers contributes
negligibly to the inverse screening length (low-intensity
limit), one can show from Eqs. (5), (6), and (11) that
w M”_Z‘ Lo kp,z(llkn,zfl]( S/I )

b = - ;
“ih nc el ..2, ,>.:1 ko*t 1) B, + sl

x Im(iAp, — Ap.). (12)

)Immp,)~ (1D
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Note that the offzet /) depends cn the difference be-
tween the imagirary parts of Ap tor different ievels If
this difference 1s zero, the offset disappears. Both .1/}
and 4/ depend on the optical frequency, primarily
through the spectral response of the different polarizabili-
ties. In the case of one active level. $1/) is zero. since &
vanishes.

The offset term &(/) is the grating analog to the bulk
light-induced absorption discussed in Ref. 7, in which a
spatially uniform light beam alters the populations of the
various trapping levels. Since the polarizabilities of full
and empty traps are different in general. the bulk absorp-
tion of the crystal can change with the hight intensity.
The change in the bulk absorption of the crystal, Aai/), is
given by

Aa]) = % SNGU) = NoF0Imidp,). 113)

In Eq. (13) we have neglected the absorption of any free
charges in the band.

Both the offset term ®(I) and the light-induced absorp-
tion coefficient Aa(l) result from the redistribution of
charge among different levels at the same spatial location.
Nevertheless, these coefficients are not the same. The
offset term ®(/) originates from diffraction off a grating.
This is a coherent process, unlike bulk light-induced ab-
sorption, which does not require interference. Also, it
can be shown that $(/} tends to zero at low and high opti-
cal intensities, while in general the light-induced absorp-
tion saturates at a nonzero value at high optical intensities.

Because of the offset term ®(J) in Eq. (8), the gain per
unit length, vua(l, k), does not vanish as k, approaches
zero. Note that a grating cannot be defined when &, = 0.
In fact, our beam-coupling approach breaks down when
the grating spacing becomes comparable with the spot size
of the smaller optical beam.

C. Electro-optic Gain
The electro-optic gain per unit length in the multilevel
model has the surprisingly simple form®

Shy/koll) L L L
Iv = 1o £ 2 ) ‘1.v 4
Ym( kg) L. (I)l + k!"/koz(l) €, €y (1 )
where the dependence on k, is the same as in the single.
level model. The intensity dependence of the maximum
gain per unit length, I.(I), is now given by a weighted
sum similar in form to Eq. (9):
ksT l? k0]2(1)( S]I )‘

w
Tl = e = 7 B+l

15
e "2 ko) o)

where r.r is the effective Pockels coefficient. An offset
does not appear in the electro-optic gain; the ¢, terms
cancel out exactly. Physically, these terms cancel because
the electro-optic effect requires a space-charge field, and
exciting a charge from one level to another at the same
location does not produce an electric field.

3. EXPERIMENT

We measured the two-beam coupling gain due only to ab-
sorption gratings by using a geometry in which electro-
optic coupling was effectively eliminated. In BaTiO, the
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Fig. 2. Two-beam coupling absorption grating gain per unit length, yus, versus internal half-angle 8., in BaTiOs (the Free crystal) at six
intensities for A = 488 nm. The solid curves are fits to Eq. (8). The gain does not vanish as the crossing angle goes to zero, but it
reaches an offset value © In the inset the offset can clearly be seen to be negative. The magnitude of the offset and the absorption-

grating gain both vary with intensity.

electro-optic coupling vanishes if the ¢ axis of the crystal
is aligned perpendicularly to the plane of incidence and if
two beams (which we call the reference and the probe beam)
are polarized in the plane of incidence, making them ordi-
nary rays in the crystal. The reference beam (beam 2)
was always at least ten times more intense than the probe
beam (1), so that we were always in the low-modulation,
undepleted-pump regime. We define an experimental

coupling gain per unit length, v, by
_1 In Ire(with a grating present)
14 Icae(without a grating present)

I (16)

where I+u. i3 the intensity of the transmitted probe beam
and L is the interaction length. As Eq. (16) implies, we
want to measure that gain caused by diffraction from a
grating and not from any light-induced change in the bulk
absorption. We accomplish this by never turning off the
optical beams; when we need to eliminate the grating, we
wash it out by rapidly vibrating one of the mirrors in the
reference beam’s optical path. In this way we eliminate
any contribution from light-induced absorption because
the total intensity incident on the crystal is never aitered.
More details on this experimental procedure are given in
Ref. 11.

A. Absorption-Grating Measurements

Figure 2 shows the measured two-beam coupling gain per
unit length, y.,, due to absorption gratings in one BaTiO,
crystal (called the Free crystal). Here we have fixed the
wavelength at A = 488 nm and varied the crossing angle
between the two optical beams. We varied the total inten-
sity of the two beams over a range of 100 while keeping the
ratio of their intensities fixed. The solid curves in Fig. 2
are fits to Eq. (8).. The inset of this figure is a blowup of

the data near the origin. A single-level model would
require the absorption-grating coupling to pass through
the origin'; this clearly does not occur here. Figure 3(a)
shows the absorption-grating gain per unit length in the
same crystal at A = 458 nm and A = 488 nm. (We also
performed experiments at A = 515 nm and A = 476 nm.)
At all these wavelengths the gain changed similarly with
intensity, but the size of the offset decreased with in-
creasing wavelength. At A = 515 nm the offset was so
small that we missed it in our previous study.” This
absorption-grating offset must still be present in a geome-
try that permits an electro-optic grating. This accounts
for the offset seen in Fig. 3(b), which was obtained with
the crystal orientation shown in the inset and which per-
mits electro-optic beam coupling by means of the Pockels
coefficient ris,

In order to compare the intensity dependence of the off-
set ®(I) with the theoretical model, we must choose the
number of active levels. The simplest multilevel case is
to assume that there are only two levels: one active donor
level and one active acceptor level. We also assume that
only hole conduction occurs, and we ignore thermal excita-
tion from the deep donor level but not from the shallow
acceptor level. With these approximations we find that

@ Pa Npo” Im(8pp — Apa)
q’(l) nc BA + 841 NA + ND (17)
Ny~ Np¥  Np ~ Npo"
The intensity dependence of Np"() is given by
3 _ 1
Nm’(l) - Np + N,y = [(Np + Ny) 4NpNAG] . (18)
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Fig. 3. Two-beam coupling gain per unit length at A = 458 nm
and A = 48€ nm in BaTiO; (the Free crystal) at I = 0.6 Wem?®
with (a) the pure absorption-grating configuration and (b) the
absorption-plus-electro-optic grating configuration. In (b) the
sign of the crossing angle is the same as the sign of k, - ¢, where
the positive direction of ¢ is chosen as in Ref. 2. The solid curves
in (8) and (b) are fits to Eqs. (8) and (21), respectively. The insets
show the beam-coupling geometry used for these two experi-
ments. For a given wavelength the gain for both electro-optic
and absorption measurements at k. = 0 is the same, correspond-
ing to the absorption-grating offset discussed in the text.

where

YaSD sal

G=1- —_—
YpSa Ba + sal

(19)

The subscripts A and D in Egs. (17)-(19) refer to the ac-
ceptor and donor levels, respectively. Even with only two
levels there are four free parameters in these equations,
enough to require a large number of data points aover a
wide range of intensities in order to make a meaningful
theoretical fit. We measured the absorption-grating
two-beam coupling gain per unit length coefficient at A =
488 nm in the Free crystal of BaTiO, at a small crossing
angle (external half-angle 0.4°) with an intensity variation
spanning more than four orders of magnitude. At this
small angle the offset $(I) dominates the coupling. Since
Ba is temperature dependent, the crystal was mounted on
a copper block and immersed in a water bath maintained
at a temperature T = (17.7 £ 0.2)°C. Figure 4 shows
these data and the curve fit to Eq. (17). The fitting
parameter® are
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No/Np = 0.97 = 002,
Ba/sa = 0.95 * 0.06 W/cm?,
(vafyp) (sp/sa) = 0.031 = 0.006, and
(w/nc)Np Im(App — Apa) = 6.2 205cm™.

A striking aspect of our fit to the data in Fig. 4 is that
N/Np is nearly unity; the crystal is nearly compensated.
When we use this value for N4/Np and the other curve-fit
parameters, this two-level model predicts that the inverse
screening length k, should be small at low intensities and
increase monotonically with intensity.* Figure 5 shows
the values of k, obtained from the curve fits of the data in
Fig. 2 above. As predicted, the magnitude of k, is small
at low intensities and appears to saturate at intensities
close to 3 W/cm?; over the range of intensities used, the
variation of ko shown in Fig. 5 is 60%.

B. Bulk Light-Induced Absorption Measurements
As mentioned in Subsection 2.B, the offset grating gain is
related to the light-induced absorption. Again, when we
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Fig. 4. Absorption-grating gain per unit length as a function of
incident intensity at A = 488 nm at an external crossing half-
angle of 0.4° in the Free crystal of BaTiOs. [Note that at this angle
the grin is due only to the offset ®(I), to within a maximum error
<0.004 cm™] The solid curve is a four-parameter fit to a two-
level model using Eq. (17). The temperature was (17.7 = 0.2)°C.
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Fig. 5. [Inverse screening length &, in units of 2nayc versus inci-
dent intensity at A = 488 nm in the Free crystals of BaTiO;.
The data points were obtained from curve fits to the data in
Fig. 2. In the two-level model the magnitude of &, is expected to
saturate at high intensities and to reach a constant value at low
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Fig. 6. Measured bulk absorption versus incident intensity

in the Free crystal at A = 488 nm, ordinary polarization, and
T = (178 = 0.2)°C. The solid curve is a fit to Eq. (20).
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Fig. 7. Total (absorption-plus-electro-optic) two-beam coupling
gain per unit length versus &, in the Free crystal of BaTiOs,
obtained with the geometry of Fig. 3(b). The data are curve
fits to Eq. (21).

use the two-level model described above, the bulk absorp-
tion is given by

a(l) = ao + (w/nc)(Npo™ — Ni)(App — Apa)  (20)

for Ny < Np. Here aq is the absorption as the light inten-
sity approaches zero. For an ordinary ray incident at
Brewster's angle (to eliminate reflections) we measured
@o = 3.25 cm™! at 488 mm in the Free crystal. Figure 6
shows the measured absorption a(l) versus intensity in
the Free crystal at 17.7°C for an ordinary ray at 488 mm
and a fit to Eq. (20) made using our measured values for
as. The parameters used in this fit correspond to those
used in the curve fit of the offset data in Fig. 4 above, and
the values obtained for these parameters are in good
agreement with those determined from Fig. 4: Na/Np =
0.96 = 0.02, B4/s, = 0.73 = 0.08 W/cm?, y480/v084 =
0.033 + 0.007, and (w/nc)Np Im(App — Apa) = ~7.6 =
0.7 cm™.

In our curve fits for both the bulk light-induced absorp-
tion and the offset grating gain we have taken into ac-
count the intensity variation of the optical beams in the
crystal caused by both background and light-induced ab-
sorption. All the intensities in this paper are the incident
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intensities, corrected for calculated Fresnel losses, as
would be measured just inside the crystal face.

C. Electro-Optic Grating Measurements

Absorption gratings and electro-optic gratings can exist
simultaneously. In particular, the absorption-grating
offset d(I) appears as an offset in any measurement of
electro-optic coupling, becoming evermore apparent as k,
approaches zero. Since the size of the offset does not de-
pend on the relative dc dielectric constants of the crystal,
its magnitude does not depend on the crystal’s orientation.
We verified this by measuring the two-beam coupling gain
in a geometry where the effective Pockels coefficient was
not zero, so that both absorption gratings and electro-
optic gratings were present, as shown in Fig. 3(b) above.
We aligned the ¢ axis of the crystal in the plane of inci-
dence and parallel to the grating wave vector k, and made
the optical polarizations perpendicular to the plane of
incidence, so that both beams were ordinary rays as be-
fore. The total observed coupling is given by the sum of
Egs. (8) and (14), which for small values of k, can be ap-
proximated by

YwallD) = YeolI} + YarelD) = 2T} [Ro/Ro(D)] + (). (21)

Figure 3(b) shows two sets of data taken in the Free
crystal at A = 488 nm and A = 458 nm. The solid lines
are linear fits according to Eq. (21). The values of the
offset ®(I) obtained from these fits agree with those ob-
tained from the absorption-grating data. At A = 458 nm
and I = 0.6 W/cm® the offset determined from the pure
absorption-grating experiment is ¢(/) = -0.30¢ cm™?,
while that determined from the combined absorption-plus-
electro-optic coupling configuration is almost identical,
namely, &(I) = —0.33 cm™'. Similarly, at A = 488 nm
and I = 0.55 W/cm? the offsets in the pure absorption and
the absorption-plus-electro-optic coupling experiments
were ®(I) = —0.12 cm™ and ®(J) = —0.17 cm™?, respec-
tively. We also varied the total intensity and noted that
the slopes of these graphs increased, as shown in Fig. 7,
owing to the expected increase of [ (/) with I. The same
set of experiments was performed on another crystal
(called the Swiss crystal). Compared with the Free crys-
tal, the Swiss crystal has less absorption and shows little
light-induced absorption. Consequently, the magnitudes
of the absorption-grating coupling and the offset ®(I) are
smaller. For example at A = 456 nm and I = 0.7 W/em?,
&(I) = -0.050 cm™* and H(I) = —0.067 cm™! for the Swiss
crystal, as determined by pure absorption gratings and
absorption-plus-electro-optic gratings, respectively. As
in the other crystals, the magnitude of this negative offset
was largest for A = 456 nm, somewhat smaller at A =
488 nm, and too small to be measured by our techniques
at A = 515 nm.

The offset term of absorption gratings can confuse the
interpretation of two-beam coupling experiments. For
example, in the usual beam-coupling geometry [shown in
Fig. 3(b) above], where both absorption gratings and
electro-optic gratings are present, the offset causes the
coupling strength to flip sign at a finite crossing angle.
In BaTiQ, this may not be noticed at A = 515 nm, where
the offset is small, but it becomes increasingly prominent
as the wavelength is decreased. In fact, Klein and Valley**
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observed that at A = 442 nm the sign of the two-beam
coupling strength flipped sign in one of their BaTiOy crys-
tals (GB-5) as the beam-crossing angle was increased.
Strohkendl et al.' later explained this anomaly by invok-
ing electron-hole competition from a single active level.
We had considered an alternative explanation for their ex-
perimental data, namely, the presence of a large offset
from absorption gratings. However, we performed beam-
coupling experiments on this same crystal GB-5 at A =
442 nm, and we found that the offset (and the magnitude
of the absorption grating) was small, which rules out
absorption gratings as an explanation for this crystal's
anomalous behavior.

4. CONCLUSION

We have shown that there are two ways that charge can
redistribute in a multilevel crystal: among various spa-
tially separated trapping centers or between different
trapping levels at roughly the same location. This latter
contribution does not produce any electro-optic coupling,
since no electric field is produced; however, it causes an
additional absorption grating that remains finite even as
the crossing angle of the beams approaches zero. By mea-
suring this offset gain, we are able to determine certain
physical parameters of a barium titanate crystal that
agree well with the values obtained through bulk light-
induced absorption measurements. We find that the mag-
nitude of this offset gain per unit length, &(I), varies
strongly with wavelength in our BaTiO; crystals, ranging
from almost zero at A = 515 nm to more than 0.3 cm™ at
A = 458 nm. We have also shown that once there are at
least two active levels, the functional dependence of the
absorption-grating gain and the electro-optic gain on k&, is
independent of the number of active levels.
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ABSTRACT

Stimulated photorefractivc phase-conjugators often exhibit well-defined,

curved beam paths, which cannot be accounted for by simple beam fanning.

We propose a model that suggests that these apparently curved paths are
composed of a series of straight-line segments, with beams propagating in
both directions along these paths. These line segments initially form by the

amplification of scattered light between regions of the crystal already
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possessing counterpropagating pump beams. As these line segments form
they create new interaction regions that generate new segments, thereby
making the final beam path appear to be curved. Application of our
model to a single-interaction-region mutually-pumped phase-conjugator
shows that the threshold coupling strength required for the appearance of
these new segments is only slightly larger than the threshold for the phase-

conjugate mirror itself.




INTRODUCTION

Light beams propagating through a photorefractive crystal are
like politicians: if given the opportunity they choose the path that
maximizes their own gain. Here we propose a detailed though necessarily
simplistic description of how light beams spring up inside a photorefractive
crystal, and why under some conditions these stimulated light beams follow
curved paths. We show that these curves are formed by a sequence of
straight-line segments connecting many four-wave mixing regions inside

the crystal.

In recent years a variety of photorefractive devices have been
demonstrated that rely on stimulated light beams to perform optical phase
conjugation. These self-pumped and mutually-pumped phase conjugators,
which include the cat mirror!, the double phase-conjugate mirror2, the
bird-wing3, the frog-legs?, the bridge conjugator> and the unnamed-
geometry of Smout and Eason® are all closely related’ and differ only in

the number and angle of their input beams.

Figure 1 is a photomicrograph of stimulated beams inside a cat
conjugator.! The stimulated beams have collapsed into narrow filaments
(for reasons that will not be discussed here). These filaments appear to
follow curved paths but upon close inspection the curves are seen to consist
of a series of straight-line segments connected by distinct bends. Our
model requires that the filaments themselves consist of counterpropagating
waves. We show that two separated regions inside the crystal, each having

its own pair of counterpropagating waves, can "find" each other with new
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light beams, provided that the total round-trip reflectivity of a small seed
wave between these regions is greater than unity. Our model predicts a
sequence of such couplings, so that the path of the filaments eventually

resembles a curved trajectory.

Consider the case of two counterpropagating beams already
present inside a photorefractive crystal, as shown in Fig. 2. If a reflecting
surface, such as a mirror or a wedding ring, is placed nearby, then a beam
of light will spring up between the crystal and the reflecting surface,
provided that the photorefractive coupling strength exceeds a certain
threshold.8 These stimulated beams grow and reach steady state when the
reflectivity of the photorefractive phase conjugator declines to 1/M, where
M is the reflectivity of the mirror. The crystal acts as a phase conjugator
with gain: it returns light from the mirror back to the mirror. If the
mirror surface is replaced by a second photorefractive crystal, also
pumped by two counterpropagating beams, then a beam of light can spring
up between the two crystals; they will "find" each other and direct
counterpropagating light beams from one to the other,? as shown in Fig.
2b. Instead of two crystals one could consider two separate regions inside
the same crystal, as shown in Fig. 2¢c. In that case a pair of
counterpropagating beams can spring up between these two regions. These
new counterpropagating beams now make new interaction regions
available, allowing new beams to spring up, as shown in Fig. 3. This
"bifurcation” can occur repeatedly, with each new pair of
counterpropagating beams serving as a springboard for the generation of

more such beam pairs.
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STIMULATED SCATTERING AND PHASE CONJUGATION

When a single laser beam traverses a photorefractive crystal,
imperfections and defects in the crystal scatter the incident light. The
scattered light can coherently interfere with the incident beam to create a
multitude of photorefractive gratings in the crystal. A subset of the light
scattered from these gratings will reinforce the originally scattered beams,
and these beams grow exponentially with distance in the crystal and emerge

in a broad fan of light.

Now let two (preferably mutually incoherent) laser beams be

incident on the right and left crystal boundaries with cptical intensities /,
and I, respectively. Let the two beains intersect inside the crystal, as
shown in Fig. 3a. Because the two beams are mutually incoherent, they
will not interfere with eacli other. However, each incident beam will
interfere with its own randomly scattered beams to create its own armada
of photorefractive gratings inside the crystal. The particular grating that
diffracts beam R into the phase-conjugate of beam L will also diffract beam
L into the phase conjugate of beam R, by time-reversal symmetry.2
Because this grating is common to both beams, it is preferentially
reinforced. In the simplest such mutually-pumped phase conjugator (the
geometry of Fig. 3a) the intensity transmission T of the device, defined as
the fraction of the light input into one face that emerges phase-conjugate to

the beam at the other face, is found by solving the following equations:2

_ (g +q )= (g - g7 %)
4

Ty (1)
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c= tanh(%') (2)

where g =1/, is the ratio of intensities of the two incident beams, and I’y
q=1pllL

is the coupling strength. These equations yield non-trivial solutions only if
the coupling strength exceeds a threshold value I'y 2[(¢+1) /(g -1)]Ing.

NEwW BEAMS

Just above threshold the configuration of a single interaction
region turas out to be unstable: arbitrarily weak beams will grow between
two new regions of the nonlinear medium, with each region pumped by
two counterpropagating waves as shown in Fig. 3b. The threshold for this
instability occurs when the round-trip reflectivity of a weak "seeding”

beam between the right and left regions in Fig. 3b exceeds unity:
ReignRies 21. (3)

In Eq. (3) Ry,, is the phase-conjugate intensity reflectivity for the beam
incident on the right region from the left region, and similarly R, ,, for the

left region. These reflectivities can be computed from the traditional four-

wave mixing equations of Ref. 10, where the usual counterpropagating

pumping beams are here taken to be the conjugate pairs /; and / LC in the

right region, and /gand /,x° in the left region. We obtain:
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ot [renerf
N [1+(1L/lf)exp(—r,eﬁ)]

2

TR R
g [1 +(1R/Ig)exp("rrighl )]2

In general, the values of coupling coefficients in the various
regions are all different. However, for simplicity we will here take them
all to be the same Iy = I‘,eﬁ =Dign = I" for the remainder of our analysis.
Even in this case we show that the system prefers to generate new beams,
and that (except near threshold) these new beams increase the overall

phase-conjugate reflectivity of the device.

Figure 4 shows the calculated thresheld for phase conjugation vs.
the incident beam ratio q when there is only one interaction region, and
also for the case in which the system has already "bifurcated" once to
create three interconnected regions. Note that a single interaction region
will become unstable for a coupling strength even slightly larger than the

single-region threshold. For example, for the case q = 1 the single region

threshold (no bifurcations) is I",(,,o) = 2, while the three-region threshold
(one bifurcation) is only slightly larger: I‘,(,:) = 2.026. For even larger
values of T" the system may undergo further bifurcation, as shown in
Fig.3c. This process will continue, with new beams springing up to connect
new interaction regions, and so carve out a path made of many straight-line

segments that approximates a curved trajectory. Because there is no unique
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path for the bifurcation, it is possible for different paths to be faored
sequentially. This would cause the phase-conjugate signal to oscillate in

time, as has been observed in the bird-wing and cat conjugators.11-13
COUPLED-WAVE EQUATION

We analyze the 3-region geometry of Fig. 3b by inspecting the
slowly-varying amplitudes A; (j=1 — 4) of the electromagnetic waves in

each of the three interaction regions. For the geometry of Fig. 5 these

amplitudes vary according to: 10

%‘% = VA,
i;‘j = VA,
% =-VA,
825 = — VA )

v= —[Z(A,A; + A3 A)
0

4
InEgs. (4) [y = ZAZ, 0<x </, and y=T/lis the coupling coefficient
j=1

per unit length. Here we will consider only the case of a purely real
coupling coefficient y (which corresponds to a 90° phase shift between the

light pattern and the resulting refractive-index pattern in the
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photorefractive crystal).14 For this case the wave amplitudes A; can all be

taken as real without loss of generality.

The boundary conditions on the four wave amplitudes A ; (g=1-4)

differ here from those usually used. Consider the right region shown in
Fig. 3b with the beams labeled as in Fig.5. The usual boundary condition

is to set the conjugate-wave amplitude to be zero at the right-hand

boundary: A;(/) = 0. Instead, here we let the conjugate wave be seeded by
scattered light, so that A,(I) = V€A, (1). Physically, this seed is caused by
the scattering from crystal defects of wave 2 into wave 3. We let the total

amount of scattering remain constant but let the "seeding” parameter

V€ << 1 determine the fraction of the scattcred light from amplitude A, (/)
that is scattered into precisely the amplitude A;(/). In the left region we
use a similar seeded boundary condition, and for simplicity we have set the
sca:‘ering strength to be the same in both of these regions. We set the
phase of these scattered beams so that the light scattered from the left
region exactly reinforces the grating forming in the right region, and vice

versa.

In the top region we could also replace the usual boundary
conditions for a double phase-conjugate mirror with the seeded boundary
conditions, but we found that for £ << 1 the presence of finite seeding
beams in this top region have a negligibly small influence on the behavior
of the various waves except when the coupling coefficient is very near the

threshold T = T}, Therefore we set £ =0 in the top region but keep £

finite in the other two regions. The presence of these seed beams in the left




82

and right regions becomes especially important at large coupling strengths;

they determine the asymptotic behavior of the system as I' — eo.

In Figure 3b light entering from the bottom left has the choice of
two different paths before it exits at the bottom right, either by a single
diffraction from the grating at the top or by two successive diffractions at
the left and right regions. These two paths will interfere provided the
difference in their lengths is within the coherence length of the incident
laser beam. (A similar interference will also occur for light beams
propagating from the right to the left.) For the case of a purely real
coupling coefficient y this interference will always be exactly constructive
irrespective of the lengths of the two optical paths. For example, consider
the beam that propagates from the left region directly to the right reéion.
This beam will always add constructively to the beam coming from the top

region (as in two-beam energy coupling).
RESULTS

When bifurcations occur new beams spring up and the overall
transmission T of the system changes. For the case of equal intensity input
beams (q=1) the dependence of the transmission on the coupling strength
I" is shown in Fig. 6. Here the effect of the additional beam path is seen in
the sharp jump in the transmission when I" increases above the first
bifurcation threshold T}, as shown in the inset of Fig. 6. The bifurcation
increases the overall transmission of the device because the portion of the
input not diffracted by the grating in the left region will still be partially

redirected by the grating at the top and will recombine coherently with the

diffracted beam in the right region. The original grating serves to ‘catch’
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some of the light that slips through the new gratings and redirects it into

the phase-conjugate beam.

Consider the symmetric case of equal intensity input beams (q=1).
Define T to be the fraction of beam I input into the left side of the
crystal that is deflected by the left interaction region into the right
interaction region (1.e.. the intensity diffraction efficiency of beam 2 into
beam 4 described in the Appendix) . Then we obtain
T = (ﬁ —\ﬁ(;)/(l - \ﬁg), where T, is defined before Eq. (1) and T is the
overall intensity transmission of the entire three-region device. Figure 7
illustrates the dependence of the diffraction efficiency T~ of either the left
or right region (these two diffraction efficiencies are equal when g=1) on
the coupling strength, for several different values of the seeding parameter
€. For any finite value of € T'asymptotically approaches unity for large
coupling strength I', but the form of the approach depends on the value of

the seed. For g=1 and for large values of coupling strength we find that

* 6(1—7“) \
T :2Fexp(—r)+ ——T—.——exp(r) (5)

As T approaches 1, an increasing amount of light is channeled

between regions the left and right interaction regions, so that the A shaped

pattern in Fig. 8a begins to resemble the sawed-off pattern of Fig. 8b.
Note that Fig. 8b can be viewed as two mutually-pumped phase conjugators

sharing a common set of beams, and both the dynamic behavior and the
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stationary states of such a system have been shown to be cnitically

dependent on the values of the seeds.!5.16

In order to explore the behavior of the system with unequal input
beam intensities (q#1), we repeated our analysis for the case of qg=2. The
equations are less symmetric now, and each interaction region has a
different diffraction efficiency. Nevertheless the overall transmission of
the device 1s quite similar to the g=1 case, as shown in Fig. 9. However
with q=2 there is now a small region of I" just past threshold where the
overall transmission decreases when the additional beams appear, as shown
in the inset of Fig. 9. In Fig. 10 we plot the diffraction efficiencies of each
of the left and nght regions vs. the coupling strength. The stronger beam
is input on the left, and the weaker beam on the right. Note that the
diffraction efficiency is larger in the region with the weaker input beam.
The asymmetry in the strength of the two bifurcation gratings is evident in
Fig. 10, especially near threshold. Just above threshold we found a region
of " for which the system oscillates between two states, first bifurcating

and then relaxing back to the initial un-bifurcated state.

For q#1 there is no longer a simple relation among the various
grating efficiencies as in Eq. (5). We find numerically that the asymptotic
behavior as I' — oo of each region's diffraction efficiency is similar to the
g=1 case, so that for any finite seed the bifurcation path dominates as I

becomes large.

In summary, we have presented a simple model to explain the
bending of light beams in various self-pumped and mutually-pumped phase

conjugators. This model attributes the growth of curved beam paths inside

I
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the crystal to a senies of straight-line segments caused by a couplings
between adjacent regions inside the crystal, each pumped by
counterpropagating waves. We have shown that including a small but finite
amount of scattered light is crucial for describing this self-bending. The
bifurcation occurs even when the gratings in all three regions are taken to
have the same coupling strength. In practice, one should include the
dependence of coupling strength on both the crossing angle and the
orientation of the light beams inside the crystal, which can make the
bifurcation path even more favorable. Also, we note that there are usually
a multitude of possible bifurcation paths which compete for the available
light energy, and that the light path could oscillate repeatedly between

them.
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MATHEMATICAL APPENDIX

Consider a four-wave mixing region, described by the set of equations:17

oA,
—=vVA
ox 4
OAs .
= = VA
ox 3
A,
ke Y
ox 2
oA, .
—=-VA
ox !
v="L(AA] + AJAy)
Iy , (AD).

The values of waves 1, 2, and 4 are fixed at the beginning of the interaction
region:

A(0), A;(0), A (D),
and wave 3 is seeded:

Ay (1) = VeA (D) (A2)
We assume that yis real. In this case, the fields can be taken to be real.

We introduce the variable

X 'r X '
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The output amplitudes become a function of z:

A ()= A (0)cos(z;) + A, (0)sin(z;)
A1) ==A(0)sin(z;) + A4 (0)cos(z;)

A,(0) = A, (D cos(z)) - Vesin(z))
A;(0) = A, (I)sin(z,) + Ve cos(z;) (A3).

where z; =z(x =)
From (A1)-(A3), we obtain:
tanh(Fa)=b (A4)

where T

1]
=

A
20 +1, + 1)

il

a

A

b= ,
Iy =1+ 1, + 2cot(z,)(A,(0)A,(0) + Vel,)

A= +1,) + 15 +20,(1, - 1,)cos(2z)
+41,A4,(0)A,(0)sin(2z,)
+41,VE[(I; - I)sin(22)) + 24,(0) A, (0)cos(2z))]

Here I, = A2(0), I, = AZ(0), I, = A (1). If the three input fields are
known, then Eq. (4) can be solved for z,. The expressions for a and b are

given here only to the lowest order in €. One may write down exact

expressions, but sincc € << 1 there is no advantage.

| .




For the three-region geometry of Fig. 3b, one has three Eqgs.
(A4) (one for each region) which are coupled via the boundary conditions.
Since the presence of the seeding light has no effect on the top region
except very near threshold, we will neglect the seeds in this region and use
Eq.(2) from the text to calculate its transmission. The boundary conditions

are:

Left region:

A =\I
A (0) =Ty 43(0)
Ai(0)= A3

Right region:

A =4I,
A/(0) =Ty A4,(0)
A$(0) = A4;(0)

Here all of the primed amplitudes refer to the right region and the
unprimed amplitudes refer to the left region as indicated in Fig. A1. Note

that the left and right regions are laid out as mirror images, so that the

external beams are input at x=/ in both of these regions. Tj is the intensity
transmission of the double phase conjugator in the top region where A,(0)

and A;(0) are its two input beams. Using Eq. (3), these boundary

conditions are rewritten as:
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Left region:
A (D=1,
A (0) = M(sin(:z)— Ve cos(z,)),
Ay (D) = Tg (sin(z2) + /€ cos(z,)),

Right region:
As(D=4Ig,
A{(0) = T, Ty (sin(z;) ~ Ve cos(z))),
AL = I (sin(z)) + Ve cos(z,)),

One determines z; and z,, and all other quantities are expressed

through them. We could solve these equations analytically only for a few
special cases. Forexampleif ¢g=1(/, =lp=0Nand I} =T, =T, then
further analytic results can be obtained. In this case z; =z, = z. Since the
system 1s left-right symmetric for input beams having equal intensities, q is
always equal to 1 for the top region, regardless of the values of €and I,

and the transmission of the top region depends only on I'.

For gq=1 one can solve for z in Eq. (4) using the boundary
conditions:

A =VI,
A(0) = W(cos(z) - \/Esin(z)),
A (0)= «,/T(Sin(z) + «/Ecos(z))




The overall transmission of the device is then given by

(A (0)cos(z)+ AA(O)Sin(Z))2
!

T =

= [sinz(:) + [Ty cos™ (=) +e(1 - \/T;)sin(:)COS(:)]z -
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Figure captions

Fig. 1. Photomicrograph of stimulated beams inside a BaTiO3 "cat”

conjugator, showing the segmented bent trajectories of the light beams.

Fig. 2. a) Light beams (in gray) springing up between a pumped crystal
and the normal to a mirror. b) Light beams springing up between two
pumped crystals. c) Light beam springing up between separate pumped
regions of a single crystal, with the pumping beams connected by a

photorefractive grating inside the crystal.

Fig. 3. Schematic of beam paths in a mutually-pumped phase conjugator a)
before bifurcation, b) after one bifurcation, c¢) after a second bifurcation.

The circles indicate interaction regions.

Fig. 4. Coupling strength at threshold vs. incident beam ratio g for a
mutually-pumped phase conjugator with no bifurcations (solid line, see Fig.

3a) and one bifurcation (dotted line, see Fig. 3b).

Fig. 5. Assignment of the interacting waves in a four-wave mixing region.
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Fig. 6. Calculated transmission (throughput) of a mutually-pumped phase
conjugator with no bifurcation (i.e. the one-region geometry of Fig.3a) and
with one bifurcation (i.e. the three-region geometry of Fig.3b) vs. the
coupling coefficient I', for equal intensity incident beams into the device
(g=1). The bifurcated data correspond to seeding values of

£=0,10", and 10”. The inset shows the region near threshold.

Fig. 7. Diffraction efficiency of the grating in the left (or right) interaction
region (Fig.3b) vs. coupling strength I" for q = 1. The different curves

correspond to seeding values of € = 0, 10-4, and 10-3.

Fig. 8. Appearance of the beams of Fig.3b for a) small couping strength I',
b) large T.

Fig. 9. Transmission in the one-region geometry of Fig. 3a, and in the
three-region geometry of Fig. 3b vs. coupling coefficient I" for unequal
incident beam intensities (q = 2) . The curves for the geometry of Fig 3b
correspond to seed values of € = 0, 10-4, and 10-3. The inset shows the

region near threshold.

Fig. 10. Diffraction efficiency of the gratings in the left and right

interaction regions versus [ for q = 2. Here the stronger beam is incident




L

Ej
on the crystal from the right and the weaker beam is incident from the left.

The curves correspond to seeding values of € =0 and 1073,

Fig. A1. Diagram of the three-interaction region geometry labeling the
beams used in thz analysis. All beams in the right region are primed. Note

that the left and right regions are laid out as mirror images.
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Top Region

Top Region
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Top Region
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Time-resolved holography
A. Rebane® & Jack Feinberg

Department of Physics Unnersity of Southern California Los Angeles,
Caiforrma 90089-0484. USA

IN a conventional hologram, a photographic film records the
interference pattern of monochromatic light, scattered from the
object to be imaged, with a reference beam of unscattered light.
Itlumination of the devetoped film with a replica of the reference
beam then creates a virtual image of the original object. Here we
show how a molecular resonance can be used to record an interfer-
ence pattern between light signals that arrive at different times,
and with this technique create a hologram with time resolution.
Using a timed reference pulse as a ‘light shutter’, we can record
holographic images selectively, according to the time taken by
light travelling from the object to the hologram. We use this
method to image an object behind a semi-opaque screen, and
indics4.« how a similar method could be used to inspect objects
er.o~dded in a dense scattering medium. Ultimately, this technique
.nght be applied to the medical imaging of tumours.

Consider two optical pulses incident on a holographic record-
ing medium as shown in the inset of Fig.1. Let pulse F arrive
T, seconds before pulse G. If we use photographic film as the
recording medium, then an interference pattern will be recorded
only if the pulses overlap with each other at least partially in
time. But suppose we replace the photographic film by a bank
of resonators such as atoms, with each atom tuned to a slightly
different optical frequency w,. In this case, the interference
pattern of the two optical pulses F and G can be recorded even
if the pulses are never present in the material at the same time'.

If the optical pulse F is sufficiently brief, then its frequency
spread will be wide enough to excite all of the atoms, much as
a brief kick to a piano will excite all of the pianos strings. Each
atom will continue to ring at its own natural frequency w,. After
a delay time T,, the second light pulse G arrives, and it wiil
transfer energy either into or out of the jth atom depending on
the relative phase between the optical electric field of G and
the phase &, =w, Ty of the still-ringing atom. Because each
atom’'s phase depends on its particular resonant frequency w,,
a given time delay T, between the two incident light pulses will
produce a unique pattern of excited and unexcited atoms in
frequency space.

After interacting with both of the light pulses F and G, let
the absorption of the jth atom be permanently altered by an
amount proportional to the atom’s final energy tby a mechanism
described below). If the now altered atoms are illuminated by
a replica of pulse F, they will absorb and re-radiate light, again
at the frequencies w, appropriate to each atom. At first, the
phases of the re-radiated light will be incoherent, but after a
time of exactly T,, the phases of the different frequencies come
together to reproduce coherently a duplicate of the pulse G (ref.
1). It can be shown®, however, that application of a replica of
pu'se G to the altered atoms causes a re-radiation of light that
loses rather than gains phase coherence with the passage of
time. Unlike conventional off-axis holography, where either light
beam can be used to reconstruct the other, the bank of atoms
here records the direction of time's arrow.

In fact, as we describe below, it is possible to reproduce an
image of the scattered light that strikes the hologram before the
reference pulse arrives. To produce such an image, the hologram
is read out by a replica of pulse F applied in the opposite
direction to the original pulse: reversing the spatial orientation
of the readout pulse reverses the relative phase relation of the
re-radiated light, and thereby leads to the recreation of the
‘before’ rather than ‘after’ scattered light.

* Permanent sodress Institute of Physics £ stonia Academy of Scence 142 Rua Street Tarty Estora
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Now consider illuminiting an entire scene with a pulsed laser.
Record the reflected light G using a bank of tuned resonators,
and let a reference pulse F also i1lluminate the resonators, 4s
described above. If the reference pulse arrives at the resonators
before any of the reflected light, then the entire scene can be
recailed by simply reading with another reference pulse. But if
the initial reference pulse is delaved so that it arrives after some
of the reflected light. then reading t with another reference pulse)
will only recreate the pans of the image that arrived after that
first reference pulse, which are the parts of the scene that were
located farthest from the resonators. For example, if the scene
consisted of the street view of a bookshop, then, with a suitably
timed reference pulse. the reconstructed image would show the
books on display deep inside the store. and would not show the
reflections off the shop’s front window.

We constructed a bank of narrow-band resonators by doping
a solid block of polystyrene with the organic dye protopor-
phyrin®®. Each dve molecule acts as a lightly damped resonator,
but because of inhomogeneities in the plastic matrix, each dye
molecule has a slightly different resonant frequency. When
illuminated by narrow-band light of frequency w. the molecules
that happen to be in resonance with the light become excited.
A fraction of these excited molecules subsequently retaxes into
a metastable state (thought to be a tautomerization of the original
molecule). Once in this transformed state the molecule’s absorp-
tion is shifted to a completely different spectral region, so a
narrow ‘hole’ is burned into the sample’s absorption spectrum
at the frequency w. This spectral hole remains as long as the
sample is kept cold. If cooled to a temperature of 2 K, the
phase-relaxation time, T, of the molecule’s upper level becomes
quite long (T, = 1 ns), so that the absorption hole has a narrow
homogeneous spectral width of Aw =1/(#T,)=0.01 cm™'. The
polystyrene matrix causes the net absorption spectrum of all of
the molecules to form an inhomogeneously broadened band
extending over a range of 200 cm™'. Consequently, this matenal
resembles a bank of 200/0.01 = 20,000 narrow-bands of res-
onators and we use this ‘spectral-hole-burning’ material to
record and store the spectral (and, as we show below, spatial}
contents of an incident light beam.
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FiG. 1 Main figure: experimental set up. The front object I1s a frosted shae
with the letters 'HOLO' pasted on the front. The rear object is the letters
"‘GRAM' pasted on the back of the same shde. inset: a Wnting the hologram
with *wo light pulses separated in time. b, Reading with the earlier pulse F
recreates the later pulse G ¢ Reading with the later puise G does not
produce any diffracted pulse.

sample
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Ir our expernments, we used a Y mm-thick block of poh.-
styrene doped with protoporphynin 4t 4 concentranon of
10 "moll The useful sample urea was 3 em” The sample was
immersed ir quid helium, and the helium vapours were pumn-
ped to reduce the temperature to 2 K. The peak of the broad
absorption Uesture was at A =621 am. at which the opticdl
density was 1 6. The iight source was a continuous-wave
modelocked N3 Y AG laser tCoherent Antares 76s) which syn-
chronousty pumped a tunabdle dye laser «Coherent 701 to pro-
duce pulses huving an intensity width of 8 ps full width at half
maximum  FWHM ). i These pulses are not transform-himited;
they have a coherence width of only 0.3 ps.) The repetition rate
of the laser pulses was "6 MHz. A beamsplitter divided the beam
from the picosecond dyve laser into a reference beam and a
separate beam 1o 1iluminate the vanious objects in the scene, as
shownin Fig | Thereference beam wasevpanded by atelescope
to niluminate the entire polystyrene block. Scattered light from
the tluminated obrects simply propagated to the polistirene
Block with no intenening lens. The angle between the reference
beam and the :mage-bearing beam was ~ 14°

The recorded scene consisted of two objects. The nearby
object was a | o-mm-thick glass shde with the letters "HOLO®
attached to s front surface. The distant object was a white
paper screen carnving the letters "GRAM', which was pressed
against the back of the transparent slide so the separation
between the tuo objects was ~1 mm. To increase the amount
of hght scattered by the slide, its front surface was coated with
a frosting aeros<ol spray {.~ew York Bronze Powder Co.) The
slide was illuminated from the front. Of the scattered light from
the slide reaching the nnlystyrene block, ~80% came from the
front sprayed surface of the slide, and only ~20% came from
the rear surface. Viewing the laser-illuminated slide by eye from

the posinon of the polystarene ock. one couid Jlearls reed
the words HOLO, but the intense glare from the front - urtale
aimost completely obscured the letters GRAM focater ear the
back of the shde

Light from the laser reached the front of the sliide 5 ps before
it reached the back of the slide. Consequentty. hght from the
front of the slide reached the storage medium 10 ps ttwice the
glass travel-through time) before hight from the back of the <hide.
In the first experiment a hologram was recorded with the reter-
ence beam timed to arrive before both of these obrect waves.
In the second experiment a hologram was recorded with the
reference beam carefully timed to arnve within the 10-psintenal
between the two object waves.

The reference beam and the object beam each had an average
intensity of 0.2 mW ¢m ™~ at the focatinn of the starage medium
Aun exposure time of 2-3 minutes was needed to record a
hologram with a fluence of 70-100 mJ cm ™", corresponding to
10" identical pairs of laser pulses. To write the first hologram
we tuned the laser wavelength to the absorption maximum of
the medium at 621 nm (19950 ¢cm '), Because the absorption
spectrum is 200 cm ™' wide and the dye-laser pul es have a
spectral bandwidth of only ~30cm™', we could change the
wavelength of the dve laser by ~30cm™" and tien record a
new hologram in a "fresh’ spectral region of the storage medium
without affecting any previously stored holograms. The different
holograms written at different centre wavelengths were later
selectively read out by simp!y adjusting the centre wavelength
of the reading dve-laser pulse. In the absence of all illumination
these holograms lasted for as long as the sample was kept cold.

We read the holograms by blocking the light coming from
the objects and illuminating the hologram with only the reference
beam. Figure 2a shows the reconstructed image when the

FiG. 2 a rolographic reconstruction of both objects. The reference pulse
was set 10 arrve before light from either of the objects. The glare from
the frosted glass in front with the word HOLO obscures the object GRAM
behind 1t b, In this hologram the reference pulse was delayed 10 arrive after

NATURE - VOL 351 - 30 MAY 1991

light from the front object {frosted glass) but before light from the rear
object. The front object is no longer reconstructed, whereas the rear object
(GRAM) 1s now planly visible.
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hologram was recorded using a reference beam that arrived a
few picoseconds before any of the light from the glass slide.
The letters HOLO on the front of the slide are plainly visible,
but the glare from the front of the slide almost obscures the
letters GRAM nrear the back of the slide. Figure 2b shows the
reconstructed image when the reference beam pulse was care-
fully set to arrive after light from the distant object but before
light from the nearby object. Now only the distant object was
reconstructed, and the nearby object was eliminated. We empha-
size that the light from these objects need not arrive at the
poiystyrene block at the same time as light in the reference puise
for the hologram to be recorded. In fact, because the coherence
time of the light pulses was only 0.5 ps, and because we set the
reference beam to arrive at the storage medium ~ 5 ps before
the light from the back of the slide, the reference and object
beams could not have produced a conventional intensity inter-
ference pattern in the storage medium. We note that the
maximum time delas permitted between the object and reference
beams was 10° ps and is set by the phase-decay time T: of the
sample.

In the expeniment reported here we could selectively recon-
struct those objects that sent light to the hologram after the
reference pulse had arrnived. For some applications, however, it
is desirable 10 do the opposite and recreate the light that arrived
before the reference pulse. For example, consider the problem
of imaging an object that is embedded in a scattering medium,
such as a tumour embedded in breast tissue. [lluminate the

tissue from behind with a short laser pulse. Light transmitted
through the tissue without any scattering will emerge before
light that has been multiply scattered by the tissue’. Because
the eye records all of this light, and because the scattered light
overwhelms the unscattered light, the tumour remains unseen.
But if light that arrived earlier at the eye could be selectively
enhanced, than a shadowgram of the tumour would become
visible.

This selection of early light over late light can be accomplished
by simply altering the direction of the readout beam used in the
experiments above. Instead of using a readout beam in the same
direction as the reference beam, one should use a readout beam
that is directed exactly opposite to the direction of the original
reference beam. This is the ‘four-wave mixing' geometry of
traditional phase-conjugation experiments®, but with a spectral-
hole-burning material now only the light that arrived before the
reference beam is holographically reconstructed in the final
image. In this way light scattered from back-lighted tissue could
be eliminated, while light travelling directly through the tissue
could be preserved, and would form a shadowgram of featu-es
embedded in the tissue. We caution that this scheme requires a
very large dynamic range for the hologram, because in thick
tissue the scattered light can be much more intense than the
unscattered light. We estimate that our present spectral-
hole-burning medium has a dynamic range limited to ~10°.
Experiments to demonstrate such selective imaging are in
progress.
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The Photorefractive Effect

A laser beam passing through a crvstal can suddenly burst into a
sprav of light. This photorefractive effect may be the kev to
developing computers that exploit light instead of electricity

by David M. Pepper, Jack Feinberg and Nicolai V. Kukhtarev

, hen Arthur Ashkin and his
colleagues at Bell Laboratories
first noticed the photorefrac-

tve effect some 25 vears ago, they con-
sidered the phenomenon a cunosity at
best and a complete nuisance at worst.
Today photorefractive materials are be-
ing shaped into components for a new
generation of computers that exploit
light instead of electricity.

Ashkin was experimenting with a
crystal of lithium niobate (LiNbO;) that
he hoped would convert one color of
intense laser light to another (a pro-
cess technically called second-harmon-
ic generation). As part of his tests, he
directed a laser beam through the
crystal. At first, the crystal performed
quite admirably, allowing light to pass
through undisturbed. But after a few
minutes, the crystal began to distort
the beam, scattering light around the
laboratory. Somehow the laser light
had altered the optical properties of
the crystal itself. This photorefractive
effect would persist in the crystal for
days. If the workers bathed the crystal
in a uniform beam of light, however,

DAVID M. PEPPER. JACK FEINBERG
and NICOLAI V. KUKHTAREV wrote
part of this article on the beaches of
Hawaii and simulitaneously participated
in an experiment on the photochrom-
ic effect: they developed suntans. Pep-
per is a senior staff physicist in the
optical physics department at Hughes
Research Laboratories and adjunct pro-
fessor at Pepperdine University. In 1980
he received his Ph.D. in applied physics
from the California Institute of Technol-
ogy. This is his second article for SCIEN-
TIFIC AMERICAN. Feinberg is associate
professor of physics and electrical en-
gineering at the University of Southern
California. In 1977 he earned his Ph.D.
in physics from the University of Cali-
fornia, Berkeley. Kukhtarev is a senior
scientist at the Institute of Physics in
Kiev, Ukraine, U.S.S.R, In 1983 he re.
ceived a doctorate degree for his studies
of the theory of dynamic holography.

the crystal would once again transmit
an undistorted beam.

During the past 23 years investi-
gators have discovered a wide variety
of photorefractive materials, including
insulators, semiconductors and organ-
ic compounds. Photorefractive mate-
rials, like film emulsions, change rap-
idly when exposed to bright light, re-
spond slowly when subjected to dim
light and capture sharp detail when
struck by some intricate pattern of
light. Unlike film, photorefractive mate-
rials are erasable: images can be stored
or obliterated at whim or by design.

By virtue of their sensitivity, robust-
ness, and unique optical properties,
photorefractive materials have the po-
tential to be fashioned into data-pro-
cessing elements for optical comput-
ers. In theory, these devices would
allow optical computers to process in-
formation at much faster rates than
their electronic counterparts. Employ-
ing photorefractive materials, workers
have already developed the optical ana-
logue to the transistor: if two laser
beams interact within a photorefractive
material, one beam can control, switch
or amplify the second beam. Photore-
fractive materials also lie at the heart
of devices that trace the edges of irmages,
that connect networks of lasers and
that store three-dimensional images.

ecause the optical properties of
B photorefractive materials can be

modified by the very light that
passes through them, they are cate-
gorized as nonlinear optical media.
In linear optical media—such as lens-
es, prisms and polarizing filters—light
beams merely pass through one anoth-
er, without changing the properties of
the material.

The photorefractive effect is closely
related to another nonlinear phenome-
non known as the photochromic effect.
The light that strikes a photochromic
material can change the amount of
light that the medium absorbs. Photo-
chromic materials, which are incorpo-
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rated in certain brands of sunglasses,
darken in bright sunlight and lighten in
dark rooms.

In photorefractive materials, the light
that bombards the matenal affects how
fast light travels through it. More spe-
cifically, the photorefractive effect is a
process in which light alters the refrac-
tive index of a material. (The refractive
index is the ratio of the speed of light
in a vacuum to that in the material.)

Most transparent materials will
change their refractive index if bom-
barded by light of sufficient intensi-
ty. Light is a traveling electromagnet-
ic wave whose electric field strength
is proportional to the square root of
the intensity of light. For instance, an
optical beam whose intensity is 100
million watts per square centimeter is
equivalent to an electric field strength
of about 100,000 volts per centimeter.
When such intense light is directed at
a transparent material, it disrupts the
positions of the atoms, changing the
refractive index by a few parts in one
million, As a result of the change, the
material can act like a prism or a lens
to deflect light.

The term “photorefractive” is usually
reserved, however, for materials whose
refractive index changes in response to
light of low intensity. In photorefrac-
tive materials, light beams as weak as
one thousandth of a watt per square
centimeter can alter the arrangement
of atoms in a crystal, changing the re-
fractive index as much as a few parts
in 10,000. And unlike most transparent
materials, the change in photorefrac-
tive crystals is semipermanent: if an
altered crystal is isolated from all sour-
ces of light, the change in the refractive
index can last from milliseconds to
years, depending on the material. In
this manner, one can store information
in the form of images in a crystal.

LASER BEAM striking a 5-mm crystal of
barium titanate scatters into a fan of
light owing to the photorefractive effect.
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HOW LIGHT ALTERS THE OPTICAL PROPERTIES
OF A PHOTOREFRACTIVE CRYSTAL
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How can a weak beam of light cause
such a strong change in the refractive
index of a crystal? In the late 1960s
F. S. Chen of Bell Laboratories ad-
vanced the basic model of the photore-
fractive effect. Just as a single ant can
move a large mound of sand one grain
at a time, a weak beam of light can
gradually build up a strong electric
field by moving electric charges one
by one. In photorefractive crystals,
charges diffuse away from bright re-
gions and pile up in dark regions. As
more and more charges are displaced,
the electric ficld inside the crystal in-

creases, attaining a strength as high as
10,000 volts per centimeter. The elec-
tric field will distort the crystal lattice
slightly (about .01 percent), thereby
modifying the refractive index.

The source of these electric charg-
es apparently lies in defects in the crys-
tal lattice of the material. The defects
can be mechanical flaws in the lattice
structure (missing atoms at certain
lattice sites), substitutional dopants (a
foreign atom at some lattice site) or
interstitial dopants (a foreign atom
wedged between native atoms). Very
small amounts of these defects, on the
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order of parts per million, can cause
the photorefractive effect.

Each crystal defect can be the source
of an extra charge, which can be either
electrons (particles of negative charge)
or holes (regions of positive charge).
depending on the paruicular crystal. In
the dark, these charges are trapped; in
the presence of light, they are free to
roam within the crystal unti they even-
rually become caught again. If light il-
luminates charges in one region of the
crystal, they will diffuse away from
that region and accumulate in the dark,
in the way cockroaches scurry under-
neath furniture to avoid light.

Each charge that moves inside the
crystal leaves behind an immobile
charge of the opposite sign. In the re-
gion between these positive and nega-
tive charges, the electric field is strong-
est, and the crystal lattice will distort
the most. A beam of light that passes
through this region of the crystal will
experience a different refractive index
from that of the unaffected regions.

he time it takes for light to rear-

range charges in a crystal depends

on the intensity of the light and
also on how fast charges migrate in the
crystal. Weak light takes longer than
strong light to build up the same elec-
tric field. For low-intensity light (about
.01 watt per square centimeter), it can
take minutes for the charges to reach
their equilibrium pattern. For high-in-
tensity light (about a billion watts per
square centimeter), the response time
can be less than a nanosecond. A pho-
torefractive crystal, like photographic
film, requires a certain amount of light
to complete its “exposure.”

The change in refractive index is lin-
early proportional to the strength of
the electric field if the crystal lattice
lacks a certain property called an inver-
sion symmetry. The electric field will
remain in the crystal long after the
light is removed, just as the mound of
sand remains in its new location long
after the ants have left.

One of the most useful consequenc-
es of the photorefractive effect is the
exchange of energy between two laser
beams, which is also known as two-
beam coupling. If two laser beams of
the same frequency intersect, they will
interfere and produce a stationary pat-
tern of bright and dark regions—or
more specifically a pattern whose in-
tensity varies sinusoidally with posi-
tion in the crystal. If this sinusoidal
pattern of light forms within a photo-
refractive crystal, electric charges will
move to generate an electric field
whose strength also varies sinusoidal-
ly. The resultant field will distort the




cnvstad latnce 1y a surular periodic man-
ner, producing changes in the refrac-
tve inden. Ultimately o “refracine-in-
den grating” calso called a retracine-in-
dex volume hologrant will be tormed
within the ¢nvstal.

The clectne held and the refractive-
index grating wall have the same peri-
odicin as the hght pattern, but they
will be shufted by one quarter of a peri-
od in space from the incident light.
This displacement—called a 90-degree
phase shift—is the opumal configura-
uon for the exchange of energy be-
tween the original tho laser beams.

Once the refractn e-index grating has
been established in the crystal, some of
the light of one beam will be deflected,
or diffracted, by the grating in the di-
rection of the other beam (and vice ver-
sar. Hence, the two deflected beams
will interfere with the two original
beams—-constructively in one case and
destructively in tie other. In the case
of constructive interference, the peaks
of the light waves in one of the deflect-
ed beams combine with the peaks of
one of the original beams, and the
beams therefore reinforce each other.
In the case of destructive interference,
the peaks of the waves from the other
deflected beam combine with the val-
leys from the other original beam, and
the light waves diminish each other.
The beam formed from constructive in-
terference will emerge from the crystal
stronger than when it entered, whereas

MONITOR

UNDEFLECTED

AN LT

COHERENT OPTICAL EXCISOR scatters intense light from a laser but transmits
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the beam formed from destructive in-
terference will emerge weaker. Hence.
one of the beams will have gained ener-
gy from the other. Which beam gains
and which beam loses is determined
by the orientation of the cnystal and
whether the charge carriers are holes
or electrons.

Photorefractive matenals exhibit two-
beam coupling because the optical pat-
tern and the refractive-index grating
are shifted in space. Two-beam cou-
pling is not found in most nonlinear
materials, however, because they re-
spond “locally” to optical beams (for
example, atomic orbitals are deformed
by the intense electric fields of the la-
ser beams). In most nonlinear materi-
als. therefore, the optical pattern and
grating precisely overlap. The light de-
flected by the grating interferes with
each of the undeflected beams in exact-
ly the same way. Thus, the two beams
exchange an equal amount of energy,
so neither grows in intensity.

r I Yo enhance the photorefractive
effect, investigators have learned
to control the flow of charge

within a material. The two mechanisms

that control the flow of charge in a

crystal are diffusion and drift. They are

analogous to the diffusion and drift of
smoke from a burning ember. Left on
its own, smoke will diffuse to regions
of low smoke density. If a slight breeze
is blowing, however, the smoke will

weak light from a lamp. Here the excisor protects a camera from the damaging
laser rays. The laser beam, which consists of a single frequency of light, scatters
off defects in the photorefractive crystal and then interferes with itself. The inter-

ference pattern creates a refractive-index grating. As a result, most of the laser

light is scattered to one side of the crystal, a process called beam fanning. Because
the lamp light consists of many frequencies, neither an interference pattern nor a
grating is created, and so most of the lamp light is transmitted through the crystal.
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dritt in a parncular direction. The par-
ticdes in the smoke behave like mobile
charges in a photoretractive material:
the charges tend to move toward re-
gions of low charge denuiny, and they
drift in response to am clectnic field.

The simple diffusion of charges from
bright regions to dark regions of a
crystal does not produce the strongest
electric field possible. In 1981 Jean-
Pierre Huignard and Abdellauf Mar-
rakchi of Thomson-CSF Laboratonies 1n
Orsay, France, applied an electric field
externally to a photorefractive crystal
to build up a spatally \aning held
stronger than that produced by diffu-
sion alone. The applied electric field,
however, shifted the refractive-index
grating away from the optimal quarter-
cycle phase shift.

To prevent this nonoptimal spatial
shifting of the grating, Serge1 I. Stepa-
nov and Mikhail P. Petrov of the A. F.
loffe Physico-Technical Institute of the
Soviet Academy of Sciences in len-
ingrad developed a clever techruque.
When they applied an external electric
field that rapidly alternated its direc-
tion, the charges would preferennally
drift in one direction for the first half
cycle of the applied field and in the op-
posite direction for the next half cycle.
The process is similar to having two
people alternately blow on a burning
ember from opposite sides. The result-
ing smoke pattern is both intensified
and spread out farther in space but has
the same average location as if no net
wind were present. In photorefractive
crystals the process yields an internal
electric field larger than that produced
by diffusion alone, and the refractive-
index grating has the same average
quarter-cycle phase shift as if no drift
field were present.

Workers have used this technique
to enhance the efficiency of two-beam
coupling as well as an effect called
beam fanning (technicaily known as
stimulated, forward photorefractive
scattering). Discovered in the 1970s,
beam fanning is perhaps one of the
most intriguing nonlinear optical phe-
nomena. It can be observed, for exam-
ple, when a pencil-thin, weak beam
from a helium-neon laser illuminates a
crystal such as barium titanate (BaTiO;).
Initially the beam passes through the
crystal unaltered. After a second or so
(the time depends on the intensity of
the light), the beam begins to spread
out in the crystal, curving to one side.
In the process the curved beam divides
into many rays that appear to spray
out into a broad fan of light—hence the
term “beam fanning.” Depending on
the choice of photorefractive crystal,
the emerging light in cross section can




=i

n

BEACUN

BEAM
SPLITTER

_RECEIVING STATION

M —

ENCOOED

BEAM

/

/ »
é:,;f. s

DETECTOR

MESSAGE RECEIVED

PHASE-CONJUGATE MIRROR made from a photorefractive crystal allows com-
munication through the atmosphere. The receiving station emits a beam of light.
As the beam travels through the atmosphere, it spreads out and distorts. At the
transmitting station a photorefractive crystal either reflects or transmits the light
that hits it, depending on the voltage applied through the electrodes. Because the
crvstal acts as a phase-conjugate mirror, the reflected light is time-reversed. A
message can be encoded by alternately reflecting and transmitting the light. As the
time-reversed message beam interacts with the atmosphere, all distortions are
removed from the beam, and the message can be decoded at the receiving station.

assume the shape of a beautiful array
of elliptical patterns and can have dif-
fering polarization components.

Beam fanning results from an energy
exchange between the incident beam of
light and light randomly scattered by
crystal defects. Light scattered by a de-
fect interferes with the unscattered
beam, forming a refractive-index grat-
ing because of the photorefractive ef-
fect. Once this occurs, the unscattered
light can transfer additional energy to
the scattered beam. It turns out that
the energy-exchange mechanism is not
isotropic, and so the scattered beams
of light become preferentially intensi-
fied only over a finite range of angles.
This intensified, scattered beam is then
randomly scattered by other crystal de-
fects, and the process is repeated. As
a result, a large number of scattered
beams fan out from the original beam.
Depending on the orientatior of the
crystal and the point at which the inci-
dent laser beamn enters the crystal, the
fanned beam can be made to curve
through shallow angles (barely curv-
ing through the crystal) or over rather
large angles (striking an extreme cor-
ner of the crystal).

eam fanning and other photore-
fractive effects have been exploit-
ed in such applications as coher-

ent beam excisors, optical interconnec-
tion elements, phase-conjugate mirrors,

novelty filters and edge enhancement
of images.

The coherent optical excisor—first
described in 1985 by Mark Cronin-
Golomb and Amnon Yariv of the Cali-
fornia Institute of Technology—can po-
tentially filter out light that scatters
from high-intensity laser beams. The ex-
cisor has the potential to protect sen-
sitive optical detectors, which may be
necessary to monitor high-power lasers
during industrial processes such as an-
nealing and welding. The excisor can
also prevent damage to video cameras
[see illustration on page 66).

The key component of the caherent
optical excisor is a photorefractive crys-
tal, which is placed in front of the de-
tector or the camera's lens. The intense
beamn can be diverted away from the
detector because the beam-fanning ef-
fect essentially guides the coherent la-
ser light to the side as it travels through
the crystal. The detector or camera can
view the object in the presence of in-
tense light, however, because the back-
ground room light scattered from the
rest of the object passes through the
crystal essentially unaltered.

Beam fanning also plays an impor-
tant role in phase-conjugate mirrors
made from photorefractive materials.
These mirrors possess the peculiar
property that an optical beamn “reflect-
ed” from them will travel exactly back-
ward in space as if time were reversed.

70 SCIENTIFIC AMERICAN October 1990

Because of this properny, phase-conju-
gate mirrors have nmyrniad applicatons
in the fields of opuical communica-
tions, high-power lasers and optical
computing. As an example, they can
be incorporated into a systeni to cor-
rect undesirable aberrations that laser
beams sometimes acquire during prop-
agation through distorting media or
powerful laser amplifiers {see “Applica-
tions of Optical Phase Conjugation " by
David M. Pepper. SCIENTIFIC AMERI-
CAN, January, 19861

In 1977 Robert W. Hellwarth of the
University of Southern California sug-
gested a basic configuration for phase-
conjugate mirrors, and two years later
Sergei G. Odulov and one of us (Kukh-
tarev) and independently Huignard and
his co-workers produced such a mir-
ror that incorporated photorefractive
materials. In 1982 one of us (Feinberg)
serendipitously discovered : class of
phase-conjugate mirrors that many in-
vestigators use today. Feinberg had fo-
cused three laser beams on a crystal of
barium titanate. One beam contained
the light waves whose time-reversed
replica was sought; the twn additional
“pump” beams were needed to form
the phase-conjugate imirror (or so Fein-
berg and his colleagues thought at the
time). To check the experiment, Fein-
berg blocked the pump beams to en-
sure that the presumed time-reversed
beam did not arise merely from a sim-
ple reflection from a crystal face. At
first, the time-reversed beam obedient-
ly vanished. But after a short time, the
time-reversed beam surprisingly reap-
peared. Feinberg had found a phase-
conjugate mirror that required only a
single beam. Feinberg's elegant device
is an example of a more general class
of self-pumped, phase-conjugate mir-
ror, which was pioneered by Jeffrey
0. White, Mark Cronin-Golomb, Baruch
Fischer and Amnon Yariv of Cal Tech.

Although phase-conjugate mirrors
can be made from many classes of
nonlinear optical materials, photo-
refractive elements have several dis-
tinct advantages: first, the mirrors re-
quire only one input beam—the very
beam whose phase-conjugate replica
is sought—thus forming the so-called
self-pumped phase conjugator; and
second, very low laser powers and in-
tensities can initiate the process lead-
ing to the time-reversed beam.

Why does nature love the phase-con-
jugate beam? A partial answer to this
question posed by Hellwarth can be ad-
vanced at least in the case of barium ti-
tanate, as postulated by Kenneth Mac-
Donald, then at the University of South-
emn California, and one of us (Feinberg).
After a short time, beam fanning caus-
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es the incident laser light to be swept
preferennally 10 one side of the cryvs-
tal. If the incident beam and cnystal are
positioned so that the fanned beam
1s swept into a tar corner of the ¢nvs-
tal, the fanned beam undergoes mwo 1n-
ternal retlections, essentially folding
back onto stself. This reflected beam
fans again back along the direction
of the incident beam. Out of all the
scattered beams inside the crystal, the
ume-reversed beam—by virtue of its
backward trajectory—gains more ener-
gy than the other scattered beams. This
beam-reversal process can be very effi-
cient: 60 pereent of the power in the in-
cident beam can emerge as the phase-
conjugate beam.

One of us (Peppert has added an ad-
ditional twist to this novel phase-conju-
gate mirror. Pepper attached electrodes
to a photorefractive crystal to apply a
time-vanving electric field across the
crystal. When a laser beam strikes this
crystal, it not only is time-reversed but
also can be pulsed in time like a shut-
tered mirror. In this manner, pulsed in-
formation can be relayed from the con-
jugate mirror back to the laser source;
the time-reversed nature of the beam
guarantees that the two communica-
tion points remain locked onto each
other. This scheme can be used to es-
tablish a communications channel be-
tween two satellites or to relay infor-
mation from a remote sensor placed at
one end of an optical fiber link [see il-
lustration on page 70).

nother application that takes ad-
A\'anlage of the energy-exchange
mechanism is a device called a
novelty filter, which highlights what-
ever is changing in a highly complex
scene. Such devices can pick out mov-
ing airplanes against a backsround of
buildings, a sportswoman diving into a
still pond or bacteria swimming against
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a background of maotionless  algae.

One tpe of noveln hiter demonstrat-
ed by Cronin-Golomb (now at Tults
University )y imolves two beams that il-
lununate a photoretractive cnvstal. An
image 18 encoded spatally onto the
first laser beam. The ¢nstal s orient-
ed so that this image-bearing beam
transfers most of its energy to the
second beam. After the image-bearing
beam passes through the crystal, it be-
comes almost completely dark. When-
ever something in the 1mage-bearing
beam changes, however, the energy-ex-
change mechanism is disturbed mo-
mentarily, and the part of the image
beam that has changed will pass
through the crystal. This part of the
beam can then be viewed on a video
monitor. Once the motion has ceased,
the image-bearing beam will become
dark once again after passing through
the crystal.

Photorefractive crystals can also be
emploved in other applications to en-
hance the edges of an image. An im-
age is encoded onto an “object” beam,
which is directed into a photorefractive
crystal along with a “reference” beam.
The two beams interfere inside the
crystal and produce a hologram of the
original image. The image can be recov-
ered by a third “readout” beam, which
is aimed in a direction opposite to the
reference beam. If the object beam is
relatively weak, then the reconstruct-
ed image will be a faithful replica of
the original picture. If the object beam
is more intense than the other two
beams, however, then the edges of the
reconstructed image will be enhanced.

The intensity of the object beam
varies locally in the crystal because the
beam ccntains an image. Hence, its in-
tensity will match that of the reference
beam at every edge in the image, be-
cause an edge contains a full range of
intensities, from dark to bright. Wher-

PARAMECTUM is hidden among algae and debris (left), but when the scene is viewed
through a novelty filter, only the swimming microorganism appears (right). Nov-
elty filters can highlight any object that moves against a stationary background.
This filter was designed by R. M. Pierce, R. Cudney, G. D. Bacher and J. Feinberg.
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eser the intensities ot the o beams
match, the optical interference pattern
at that particular region in the cnvstal
will have the largest modulation from
bright to dark to bright and so on. The
strong interference pattern will then
generate a strong refractive-index grat-
ing. When the readout beam interacts
with the strong grating, it will be most
efficiently deflected, or diffracted, at
that location, and so the reconstructed
image will emerge with all of its edges
highlighted.

Because photorefractive crystals can
act as both energy couplers and phase-
conjugate mirrors, they are particularly
useful for reconfigurable optical inter-
connects and frequency-locking of la-
sers. Photorefractive crystals can relay
information from one optical element
(sav, an optical fiber) to anoiher (a
data-processing element), free of com-
plicated optical elements or electron-
ic interconnects. This optical relayving
scheme can also force two (or more)
separate lasers to “lock” onto each oth-
er so that the two lasers oscillate at
precisely the same optical wavelength;
in this way, the two separate lasers es-
sentially behave as one larger laser.

How do two or more mutually inco-
herent beams of light become connect-
ed in a photorefractive crystal? When
the different beams illuminate a pho-
torefractive crystal, each will produce
its own armada of scattered beams and
random refractive-index gratings (or
holograms) within the crystal. If one
hologram from one beam exactly match-
es one of the holograms from the other
beam, then that hologram will grow
faster in strength than the others. The
result is that the two beams will be
connected to each other. This device is
called a mutually pumped, or doubly
pumped, phase-conjugate mirror.

The device—first demonstrated in
1987 by Fischer, now at the Technion-
Israel Institute of Technology in Haifa,
and his co-workers, by Robert W. Eason
and A.M.C. Smout of the University of
Essex in Great Britain and subsequent-
ly by Mark D. Ewbank of the Rockwell
International Science Center in Thou-
sand Oaks, Calif.—can connect any two
beams originating from any direction.
If the two beams contain images, then
each image will be converted into the
other as the beams traverse the crys-
tal [see illustration on page 74]. If one
beam is pulsed rapidly, the temporal
information is relayed back toward the
other beam.

If two beams come from different la-
sers that oscillate at slightly different
frequencies, then the beam from one
laser will be diverted into the approx-
imate conjugate, or time-reversed, di-
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PHOTOREFRACTIVE CRYSTAL couples two laser beams, a process that may be
exploited in communications systems, optical computers or other laser networks.

rection of the beam from the other la-
ser, and vice versa. If two such lasers
are optically connected by a crystal,
they can, under the proper conditions,
be made to oscillate coherently, there-
by locking the frequency of the two la-
sers. With this scheme, workers hope
that thousands of semiconductor la-
sers can be efficiently combined into a
high-power source of coherent light.

0 construct better optical com-

I ponents and devices, investiga-
tors are searching among the
many aiterent Kinds of photorefrac-
tive materials to find the most efficient
and reliable crystals. Photorefractive
materials vary greatly in their optical,
electrical and structural properties—
for example, the insulator barium ti-
tanate, the semiconductor gallium ar-
senide and the organic compound 2-
cvclooctylamino-3-nitropyridine doped
with 7,7.8,8.-tetracyarmquinodimethane.
These seemingly different materials
nonetheless exhibit similar photore-
fractive effects. They all have a crys-
tal lattice that is relatively easy to dis-
tort, and they all contain defects, which
act as a source of charge carners and
charge traps. Under the influence of an
electric field, however, charges move
about 10,000 times faster in gallium
arsenide than they do in barium ti-
tanate. For the same incident light in-
tensity, therefore, the photorefractive
effect evolves much more rapidly in
gallium arsenide than it does in barium
titanate. The resulting refractive-index
grating is not as strong in gallium ar-
senide, however, as it is in barium ti-
tanate. The optical properties of the

cnvstals in the different materials vary
greatly as well: gallium arsenide and
other semiconductors are typically pho-
tosensitive in the near infrared part of
the optical spectrum, whereas most in-
sulators and organic compounds are
sensitive in the visible spectrum.

A flurry of experiments currently in
progress aim to identify and possibly
control the defects responsible for the
photorefractive effect in various crys-
tals. As an example, the source of the
photorefractive effect in barium tita-
nate is an open question: many re-
searchers attribute the effect to the
presence of various ionization states
of transition metal impurities such as
iron, cobalt and manganese; oxygen va-
cancies in the lattice may also contrib-
ute to the charge carriers. In gallium
arsenide, on the other hand, the pho-
torefractive effect is attributed to an
intrinsic lattice defect thought to be
formed by a combination of an arsenic
atom replacing a gallium atom in the
lattice and an additional arsenic atom
placed in the same lattice cell, forming
the so-called EL2 center.

Regardless of the character of the
crystalline defects, the properties of
most photorefractive crystals can be
altered by doping them with impuri-
ties or by drawing atoms out of the lat-
tice. For example, one of us (Feinberg)
and Stephen Ducharme of U.S.C. found
that when a crystal of barium titanate
is heated in an oxygen-frce environ-
ment to remove some oxygen from the
cnystal lattice, its photorefractive prop-
erties are altered markedly because the
dominant charge carriers are changed
from holes to electrons.
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As workers increase the concentra-
ton of the defects ina photoretrac
mve material, they have found that the
number of avatlable charges increases,
thereby enhancing the strength of the
internal electne field and the refracine-
index gratings. On the other hand, de-
fects scatter and absorb light from the
incident beams. Defect concentrations
of from one to 100 parts per million
appear to be cptimal in terms of pro-
viding a reasonable number of charges
without appreciably attenuating the 1n-
put light.

Perhaps the best photorefractive ma-
terials will be those painstakingly fash-
ioned out of semiconductor materials.
Stephen E. Ralph, Dawid D. Nolte and
Alastair M. Glass of AT&T Bell Labora-
tories have recently shown that lavers
of gallium aluminum arsenide allovs
only a few atoms thick can be assem-
bled into structures—called superlat-
tices and quantum wells—that exhibit a
measurable photorefractive effect. Such
materials are currently being studied
for their novel electrical properties and
high speed of response. These crystals
may also lead to a new class of inte-
grated processors based on optics and
electronics.

What makes photorefractive materi-
als so promising for optical computing
is their high sensitivity to light, cou-
pled with their ability to connect light
beams from different lasers and to
change one information pattern into
another. The future of photorefractive
materials will depend on whether their
optical properties can be as meticu-
lously tatlored as semiconductors are
today. Ideally, photorefractive devices
would be integrated with semiconduc-
tor lasers and detectors to form a sin-
gle, compact device capable of process-
ing millions of bits of data simultane-
ously in each microsecond, yielding a
total data-processing rate of trillions of
bits per second.
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SCIENCE WATCH

Beyond X-Rays

It may eventually be possible to use
ordinary hight rather than harmful X-

rayvs to obtain 1mages of bones and
organs within living beings, several
groups of scientists have reported. In
reports published by the British jour-
nal Nature last week and presented
at a recent conference on lasers and
optics, physicists showed that the
faint light that penetrates animal tis-
sue can reveal underlying details, if it
is carefully controlied.

Dr. Jack Feinberg of the Universi-
ty of Southern California at Los Ange-
les said in an interview that light
passing through skin and muscie is
normally scattered so strongly that it
conveys no image of internal struc-
ture. But experiments have shown, he
said, that the first fraction of a light
pulse to pass through tussue actually
contains enough information to yield
images of internal details. Scattered
tight, which must travel over longer
paths than the light that goes straight
through, takes a few trillionths of a
second longer to reach the other side.
By cutting off the transmitted light
pulse before the scattered fraction
has time to arrive, fairly clear im-
ages of internal details have been
preserved in experiments using la-
sers.

. In a method developed by Dr. Fein-
berg and his colleague, a beam oi
laser light passing througi an object
is brought together with a second
“reference’’ beam that follows a path
of different length. By careful adjust-
ment of path lengths, the scientists
can make them interfere, canceling
out the unwanted scattered light that

. arrives at a photodetector target af-
ter the light that directly penetrated
the object.
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another «ells credit cards. and <o on. It
from these units thar Bell Labs now gets
most of 1ts budeet: as a result 1t has been
pressed 10 concentrate on areas with imme-
diate potential. and 1 cut costs. "It makes
my life more difficult but more interesting,”
says Arno Penziax. whowon the Nobel prize
for that crucial bit of Big-Bang cosmology
and has nisen through working on basic re-
search to be head of Beil Labs research divi-
sion. Not all his colleagues are so enthusias-
tic. "Bell Labs people see themselves as the
elite, the aristocracy of the system,” says one
researcher. “Right now there is a big morale
issue. because they don 't have the predomi-
nance they used t0.”

Mr Mayo. Bell Labs’ new director, is
likelv to make the laboratory even more
commercial. He is seen as more business-
minded than his predecessor. lan Ross. who
spent nearly all his 40-year career with
AT&T at Murray Hill. Although Mr Mayo
insists that basic science will not be cut
back. employees expect a continued swing
away from research and towards develop-
ment. and away from the physical sciences
towards software and systems. “The fact is
that software is now the mainstream of tech-
nology and you have to recognise that,” ad-
mits Mr Mayo.

Should Bell Labs be shrunk and turned
into just another r&D department? Not
necessartly. Its glorious history provides
tangible advantages, which could be lost if
the nature of the institution changed. Be-
cause Bell Labs does exciting work, it at-
tracts the best scientists; over time they can
be edged into commercial areas. The labora-
tory also gives a gloss to AT&T'S corporate
image, both inside and outside the firm.
Even emplovees who have nothing to do
with the place speak of it with pride; regula-
tors may be prepared to go easier on adomi-
nant ex-monopoly if it is does lots of unre-
munerative public work. The image does
ATaT good, but at a high price; the trick will
be to keep it, while spending less.

The nose

Smelly genes

HEN vou sniff a glass of wine, about
10m trillion odorous molecules get
up your nose. Your brain senses a smooth,
stimulating bouquet. But what happens in
between? Neuroscientists have devised de-
tailed maps of the ways in which sights and
sounds get picked up and processed. Just
how the brain recognises more than 10,000
different smells remains a mystery. Recent
work by Linda Buck and Richard Axel of the
Howard Hughes Medical Institute at Co-
lumbia University offers a useful clue.
Scientists have known for some time
that smelly molecules, called odorants,
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bind to receptor proteins
on the surface of nenve cells
in the nose. The nerves then
send signals 10 the brain.
The question is.how are the
signals made sense of ?

If each nerve carried a
receptor tailorea 10 a spe-
cific odorant. then the
brain would know what 1t
was smelling simply by
knowing which cells were
active. There would be as
many types of receptor as
there were smells. On the
other hand. there could be
just a few tvpes of receptor.
In that case, each receptor
would respond to many
smells, each in a slightly
different manner. The
brain would have to com-
pare lots of messages from
different types of receptors
in order to work out what it
was smelling. Such systems
are common in the other
senses. The eyes have only
three types of colour recep-
tors—it is by comparing the
responses of all three that
the brain turns a few nerve [,
signals into all the hues of
the spectrum. ‘ 133

There is, of course, a
middle way. Gordon Shep-
herd of Yale University has long argued that
signals from a range of receptors are gath-
ered into “labelled lines” in the olfactory
bulb of the brain. The relative strength of the
messages passing down each of the lines—
there might be dozens, but not hundreds—
would be further processed to produce an
“odour image™.

while Dr Shepherd has some evidence
to support this view, a few other researchers
continue to prefer the idea that there are as
many receptors as there are smells. To
choose between the ideas, you need to get
your hands on the receptors. That has
proved a daunting task. In the early 1980s
Solomon Snyder and his colleagues at
Johns Hopkins University in Maryland
tried to do it by mixing radioactive odorants
with proteins from the nose, then separat-
ing the odorants out again with proteins at-
tached. This approach has led to the discov-
ery of various receptors on cells eisewhere in
the body; this time the scientists just ended
up with a minor constituent of mucus.

Where Dr Snyder and many others
failed, Dr Buck and Dr Axel may have suc-
ceeded. Instead of seeking out the receptor
proteins themselves, they looked for the
genes that produce them. They took short
fragments of DNA from genes that describe
other receptors, and used them as “probes”
to ook for similar genes in the nose’s nerves.

Receptors in action

They found a laree tanuly
of genes that look a theugh
thev make receptors. und
have shown that 1» of tnem
produce receptors which
are all umilar to cach ather.
but not identical. Dr Buck
thinks that the fam:ly could
include <everal hundred
different genes. Other re-
<earchers are talking about
1.000. If the number of re-
ceptor types reallv 1s that
large, the workload on the
brain may not be terribly
heavy.

Dr Buck and Dr Axel
still have to prove that the
receptor proteins produced
by these genes actuallv bind
odorants. To do so, they
plan to put the genes into
other cells and see whether
that makes them sensitive
to odorants. Then there are
more Questions to answer.
For example, how many
types of receptor are there
on each individual cell?
André Holley of Claude
Bernard University in Ly-
ons and others have shown
that single cells respond to
many different molecules.
He thinks this may show
that a nerve cell can carry
several types of receptor. But it is aiso possi-
ble that one receptor protein couid detect
more than onc odour. Thanks to Dr Buck
and Dr Axel these nasal mysteries, while far
from solved. are at least becoming tractable.

Medical holograms

Translucent

P RESS a powerful torch against vour
palm. The back of your hand will glow a
faint pink. It is a diffuse light: the bones,
tendons and blood vessels do not show up,
because almost all the light is scattered
around the tissues inside the hand. Some of
the light, however, goes straight through. If
you saw only that light, the internal struc-
ture would show up like a shadow—provid-
ing a picture similar to an x-ray, but pro-
duced without the use of x-ray radiation.
Such a picture might be useful for screening
against breast cancer. among other things.
After all, there is some uneasiness about
screening for cancer with repeated x-rays, as
it carries a faint chance of causing that
which it seeks to reveal—although the bene-
fits outweigh the risks.

The light that comes straight through
also comes through fastest. So, in principle,
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allvounced tocach the directhichtinacam-
era shutter that can open and shutin a mil-
lionth ot a mudtionth of u second. Unfortu-
ritelv. no mechanical shutter can work that
fast. However. Jack Feinberg. of the Unmiver-
sity of Southern Califorma. and  Alex
Rebane. of the Institute of Physics in Tartu,
Estonia.announced in a recent issue of Na-
ture that the same goal can be achieved bv a
technigue called ime-resolved holographv.

To understand. first think of a normal
hologram—a portrait of vourself, perhaps. A
laser beam shines on vour face {at which
point vou should keep vour eves closed).
The hight bounces off and hits a photo-
graphic plate. Since no lens is used. the light
is not focused: normally the plate would
just be fogged. However. in a hologram. a
second beam. called the reference beam. is
shone on to the plate at the same time. The
plate records the interference pattern made
by the reference beam and the beam that has
bounced off vour face. The recorded inter-
ference pattern is a hologram. {f another la-
ser beam, like the reference beam. is then
shone at the hologram., it gets diffracted in
such a way that it now looks like the original
reflected light—so it provides a seemingly
three-dimensional image of your face.

Time-resolved holography works in the
same way, but the reference beam is limited
to being a very brief pulse. Lasers can be
turned on and off far quicker than shutters
canbe opened and closed. Going back to the
example of the torch and the hand, suppose
the aim is to make an image using only the
light which first leaves the hand. First put
the hand over a block of plastic impreg-
nated with a light-absorbing dye. Then
shine one laser through the hand, and an-
other on to the plastic as a reference beam.
The reference beam is switched on and off
again in an instant.

The dye molecules which are excited by
both beams record a form of interference
pattern in the plastic. Because of the dye’s
“memory”, the beams do not even have to
arrive at exactly the same time. The record
can later be made 10 yield an image of the
inside of the hand. Although the dye also
absorbs the scrambled light that comes
more slowly through the tissue, this does not
wipe out the original pattern.

Time-resolved holography is not yet
ready 1o be used for scanning breasts; the
light-detection system has to be further de-
veloped. But now that the principle has
been demonstrated, the two or three aca-
demic research teams working on it may
well be reinforced by the resources of big
medical-equipment makers. And the tech-
nology is not limited to medical uses; vari-
ous industrial and military problems could
be tackled 100. For example, time-resolved
holography might be used to see through
cloudy water, helping to keep an eye on sea-
bed installations.
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Genetic imprinting

Shuffling with
marked cards

IOLOGISTS have long believed in at

least one underlying equality between
the sexes: a gene is a gene. no matter which
parent it came from. Now theyv are not <o
sure. Genes are turning up which seem to
work only if they have come from the father.
Others need a mother's touch o switch
them on. All this is a bit disturbing: it ques-
tions the established wisdom of nearly a
century. Butit is not inexplicable.

The phenomenon 1s called genetic im-
printing—not to be confused with behav-
1oural imprinting. which fools voung geese
into following elderly biologists around. 1t
surfaced when some researchers tried to
breed mice with genes from oniy one par-
ent. Normally, an embryvo gets one set of
genes from the father, and a similar set of
genes from the mother. When wwo sets of
genes from the mother were used, the result-
ing embryos developed virtually no pla-
centa from which to draw sustenance. Pater-
nal genes alone produced a placenta but not
much of an embryo.

Without external meddling, embryos get
two copies of each gene, one from the
mother, one from the father, stored in two
sets of chromosomes. But it is not unknown
for small muddles to occur in the gene-shuf-
fling which attends the beginning of a new
life. In people, this shuffling can cause a dis-
order in which the fetus grows too fast. This
comes about when two copies of one part of
a specific chromosome ar-ive from the fa-
ther, and none from the mother.

Another human disease—fragile-x syn-
drome—travels the distaff path. The x chro-
mosome helps determine sex: women nor-
mally have two of them, while men have
one x and one Y. Fragile-x syndrome,
a form of mental retardation, can oc-
cur in either sex—but only if the
eponymous chromosome has come
from the mother. Men with a fragile x
do not have diseased daughters.

How all this happens is becoming
clear. Not all of the genes in a cell are
active all of the time. One way to turn
genes off is to plaster molecules
called methyl groups all over the pNA
from which the gene is made. Im-
printing seems to boif down to a dif-
ference between the sexes, in terms of
which genes they choose to0 methyl-
ate. Imprinted genes appear to be
methylated by one parent and not by
the other—as though one parent
wants them to be turned on, and the

SCIENCE AND TECHNOLOGY

fovncal whvs usialiv reguire o bir ot dote
mee work 1o uncanh an evolutionan
mative. What 1« the benefit 1o be cuned
trom impnnung? There are three clues
First.mostof the effects seem to occurinens-
brvos. Second. the impninted genes often
regulate crowth i some way. Thira, parents
mav imprint genes with opposite effects in
opposite directions. 1t 1s not a case of one
sex simply being more disposed to adding
methyl groups than the other.

Take. for example. a hormone called
1GF-2, which encourages embrvos 10 grow.
The gene which tells the body how 10 make
this growth factor 1s imprinted: the moth-
er's 16F-2 gene will be methvlated and -
lent. But the maternal copy of another gene.
one that produces a protein which makes
15F-2 inactive. shouts loudly in the develop-
ing embrvo—while the paternal copy keeps
quiet. The general rule is that the father im-
prints genes in such a way as to encourage
growth. The mother discourages it. This fits
with the original observation that male
genes were promoting the placenta. It is the
placenta which grabs resources from the
mother to make the embryo grow.

To make sense of these clues. bear in
mind that although all the embryos in a
uterus have the same mother, they may not
all share a father. Female cats and mice, for
instance, often spread their favours widely.
David Haig and Chris Graham, of Oxford
University, suggest that in these cases im-
printing by males has evolved as a sort of
metabolic theft—stealing food from the
mother which might otherwise be used by
embryos unrelated to the father. Each father
wants his offspring to do better than the rest
of the litter; the mother wants all her off-
spring to do well. Hence the imprinting by
which fathers prime the genes for growth
and the grabbing of the placenta, while
mothers try to damp such intra-uterine
competition down. Even in the womb, the
battle of the sexes goes on.

other is happy to let them lie.
How it happens is one thing; bi-
ologists also want to know why. Bio-

The evidence of infidelity
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Physicists Who Play
With Crystals See
Serious Applications

* * *

| The Photorefractive Effect,

|
|
(,

Once a Diverting Puzzle, |

’

| |
© s Being Studied Widely @

By Davip Sriee
Staff Reporier of T War Stuae rJouiNaLl
Gnce merely g diverting puzzle for
physicists, the pholoreiractive effeet of
CIySlals is being studied for possible appli-
catiens in communicutions, compulers,
and even crime prevention.
!

lie ellect is o peccliar reaction of cer-
erystals 10 laser light that was discov-
1 the 136ls. A photorefractive crystal
can, inong other tungs, gather hght from
lasers shore on 1t und beam the light to-
ward wny nearby shiny object. If the object
‘s meved, the beam tracks it like a human-
cperated spotlight. The crystals also can
fuse two laser beams or, like photographic
film, record holograms, simulated three-dj-
nensignal images,

When shown such odd tricks, “even hur-
dened physicists, weary from decades of
proposal writing, nstincively begin to
play’ with the erystals in the hope of find-
WY New ricks, writes Jack Feinberg in a
recent assue of the magazine “Phvsics
Tudiay.”

Photorefractive play 1s geting serious,
theugh. Researchers ap stanford Univer-
Sily ure experimenting with the crystals to
switeh light beams 1nto desired channels in
optical-fiber communicayons. At the Uw-
versity of Colorade, scientists are studying
the crystals' use i “oplicul associative
memones,” computer devices that are
structured roughly like the bran's net of

d
v

11

ed

Y
er

neurons but which yse light instead of elec- -

tricity to carry information. Scientists also
hope 1o use the crystals 10 direct liser
Leams thal etch microscopic circuit pat-
terns 11 computer chips. N

Oue of the mast remarkable photore-
fractive applications is the “novelty” fil-
ter, which is used in conjunction with video
systems. Recently developed by a group
led by Mr. Feinberg, a researcher at the
University of Southern California, and by
other scientists, these systems register
only moving or changing objects in their
visual fields: for instance, une pointed at a
parking lot at 2 a.m. might picture only a
skulking thief.

The photorefractive effect was discov-
ered by researchers Lrving to encode nfor-
mation in beams of laser light. To their
frustration, the crystals of banum titanate
and certain other compounds tended to de-
form the beams. "It wus called ‘oplicul
damage,” " says Mr. Fuinberg.

Later, scientists found that the damaye
occurs  when  light waves reirrang
charged particles mside the crystals. That
warps the crystal's latice of atoms, dis-
wrting the light.

In the spotlight trick, for example, a
siiny object, say a piece of tn {oil, reflecis
laser light into a photorefractive crystal.
That alters the crystal's latlice, causing
more of the light entering the crystal to be
deflected toward the fail. Th light, in turn,
1s reflected right back to the crystal to fur-
ther alter its structure, causing yet more
light to be deflected toward the foil. The
process snowballs, qrickly building up 1
beam of light between crystal and fsil.
When the fuil is moved, light from it in-
duces a new crystal pattern that re-estab-
lishes the beam within 2 fow Seconds.

I the novelty filter, ligit reflecteq from
& scene 1s passed through a photorefruc-
tve erystal that deflects 1, preventing the
scene from being registered by the sys-
tem’s video camera. But when something
in the scene changes, the light hitung the
crystal changes. That momentarily alters
the crystal’s structure, allowing part of the
furmerly diverted light to get through 1o
the system's video munitor., The crystal
lattice quickly resumes a deflecting pat-
tern when such changes ceuse.

The novelty filter, aside from its possi-
ble crime prevention uses, might help com-
puterized vision systems quickly zero in on
the unportant parts of cluttered images.
For instance, “'you might be able to see
moving bacteria more clearly on a messy
buckground,” said Mark Cronin-Golomb, a
Tufts University researcher who has devel-
oped a prototype novelty filter. The de-
vices gl also be employed in auto-
mated surveillance systems, such as ro-
bots that scian battlehelds for advancing
caenies, said USC's Mr. Feinberg.




= Scilence Times

&he New Hork Times

‘Magic’ Crystals: Key to New Technologies?

mpouids could be
used in computers and
telephone hines.

By MALCOLM W. BROWNE
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Mag1c Crystals Can Rearrange Light Rays
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Bellcore ceceativ devised o holo-
praphue system based partiy on pho-
torefractive substances that can not
oy retam a memory of images bul
also recopnize them and learn from
s own mustukes. A principal object
of the research s w develop 'neurad
networks' of computer mterconnec-
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uve abilities that a brasn has.

Yhoturefractive  saaterials  differ
from ordinary plass ot plasig, sawd
Dr. Feanberyg of U.CLA m that thar
SLOTUSCOPIC sivudiures 4o Changed
by the hight passing irough them,
ald ane aitered stractures, inowarn,
ciange the hght

Al transparent

nalelials  bend

Special compounds
can create two-way
optical links between
themselves.

beams of hght Oy varviag amounts,
the WMounts A5e CXpressed o terms
of “refracive sndes” Dwmond has
the hughest refractve index of all
ROuWil subslances, wlich  accounts
fur the sparkic of a faceted stone. In
most substances the refractive index
cemauns fawcly constant, but my pho-
torefractive matenidls, hpht-beading
auility chanpes radically when either
ai clecine Tield or a sirong beam of
Hplil s upplicd

The Rush tu Discover More

Licctric fields and Bpht beams can
Fearrange the pusitive and negative
charpes m piiorediactinve materils
and thin changes thew vefractive in-
dekes. o some Cases, Wwo o e
Beams ol Light entering o photore-
fiactve material interiere with ecach
uiheT o creale icrostopic bands of
puviive and negative charges, which
tori aungs.”’

OpLical pratngs, rows of micro-
WO anes svisdcated by spaces the
...d.. s uf the waveicnahs of hight,

o be etehed, prasted wr clecteomcal-

ly smplanted on transparent niates-
iR lhcv bend and break up hphit an
much the way prisois disperae winte
Hpaht o g raanbow ol cotors, When
such paticrns ave created by the an-
terference of hght beams, they can ine
used o sture complex mapes en-
coded as holograms.

Dr. Smith and other leaders i the
fictd ..v the rush s on o discover
photorefractive substances with new
and useful properues.

Last month Dr. Samson A Jeneahe
of the University of Rochester an-
nounced the avention of o photore-
fractive pulymer thal may be the
fastest vptical switch yet, one whose
refractuve widex changes radicaliv an
Jess than one ridthonth of a sevond
after exposure o strong laser ligi
The muterial, Do Jenekhe said inoan
CIVIew, 15 a derivative of potvthing-
phene, a cham of carbon-atom g
Linkod 1o suliur atoms, D, Jenckhe,
whuse research s supported by the
Naval Air Develupmient Center i
the Honevwell Corporation, sand he
helieves the substanee may eveniuai
v obe used i optical computers, but a
more immediate apphcation will be
i powerful lasers.
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hgh power they generate ntense
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e basugs medaon disae die casvidy
and rob the beamw of energy.

LBut by replaciog one or both of the
nurrors i the laser device with pho-
torefractive materiid, the distortions
can be corrected. Instead of acting as
simple murrors that reflect the beam
back and forth to buld its enerpy, the
photorefvactive matevials chamey
thaeir structures and create a disiorg-
od reflecnon that exactly cancels the
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Phase Conjugation
with Nonlinear

Crystals

Photorefractive optics also point to holographic
and interconnect applications.

An Intervicwe with Jack Feinberg

Lasers & Optronics: Wil are the hasi
Lows o proforetraction. o terms ot Hie oo
Mt o e Girers on rlstals awd s
tortin?

Jack Feinberg: There is a traditional
photoretractive ettect and there are some
newer photorefractive effects. Let me
give vou the tradihonal one first. To start,
vou need charges in the material, usually
due to impurities or perhaps crvstal
defects. You are not creating the charges
by light; they are sitting, there already.

The second prerequisite is that these
charges can move under the influence of
light. Once the charges have moved and
made a static electric field in the materal,
that electric ficld must create a first-order
change in the retractive index of the
material. By first-order. I mean that the
change in the refractive index is linearly
proportional to the space-charge field -
the electric field made by the separation
of charge.

Other as vet unnamed etfects start oft
the same wav. You move charge around
but then the change in the retractive
index ot the matenal is not linear, but
mar be through a quadratic term, pro-
portionalto E= Forexample, a papuer was
published just a tew weeks ago in Optacs
Letters by Alastair Glass and his co-
workers: They were lookimyg at a photo-
refractive ettect in quantum wells. The
space-charge teld atfects the orbits of the
vlectrons in the quantum wells, which
can be sensed by shiming a beam of hght
on them. This s not o tiest-order ettect,
but a second-order eftect T'm sare some-

one will coin a name for these other
etfects soon.

All these eftects start out the same
way, with light-induced charge migra-
tion. Theyv dirter in how the electric fieid
acts back on the matesial. In the tradi-
tional photorefractive effect, the electric
field causes a ftirst-order change in the
refractive index of the material through
what is called the Pockels. or electro-
optic, coetficient.

In order that the material have a non-
zero Pockels coetficient, the matenal
must lack inversion symmetry. It must
know the difference between left and
right. It it didn’t, vou couldn’t have a
first-order etfect. It would be forbidden
by symmetry.

L&O: Wiy must tie crusial it oxhibet an
wersion symmebry it af is to exhilit the
tradiitonal photorefractioe effect?

J.F.: You want the electric field in the
crystal to change the refractive index to
first order. For that to be possible, if I flip
the sign of the electric field, then it must
flip the change in the refractive index.
Suppose, just for discussion, that apply-
ng an clectric field makes the refractive
index increase. Now, if | lip the electric
field around, the refractive index must
decrease.

You can envision this with a crvstal
and a batterv. Let's sov | hook it up so
that the clectnic field points up Then |
leave the room and someone sneaks in
and takes the orvstal from between the
two wires and turns it around. When |
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come back. either foan tell the orvstaibhas

been turned around or L oaant It the
crvstal has mversion symmetry ot loess
the same i both directions and there s

no wav boean tell I the orvstal Jacks

imversion summetsy then [ean tell

To putitanother way, theun stal hasto
“hnow” when ot sees the ciedtne ticld
whether st ~hould increase its rerracee
indey or decrease it It the crvstal bos ne
sense of diredtion, it ot has nothimg
measure the teld agamst then it cant
have a first-order ettect Tt could bave a
second-urder eftect, saving In ettect
“Here comes an viectne field. and I don't
care if it s up or down, I'm guing to
increase my refractive index”

You can make ball-and-stick models ot
these crystals and readily see their lack of
symmetry — that up really s different
from down - because some atoms are
closer to the center and others further
away. In banum titanate this 15 par-
ticularly dramatic, because BaTiO, is a
poled ferroelectric, which 1s the electrical
analog of a poled magnet. It has a lot of
little dipoles distributed throughout,
with the pluses pointing this wav and
the minuses pointing that wav. Other
photorefractive crystals like bismuth sii-
con oxide, often called BSO, and
bismuth germanium oxide, similariv
called BGO. are not poled ferroelectrics;
nevertheless, their crystal lattices exhibit
differences between going one wav and
going the other way. Jt s a ranty; most
materials have inversion svmmetry.

L&O: Hoie tar back does the photoretract: e
cffect go? It seems fo many abseriers i He
teld surfaced more or dess spontanecnsiv
about a decade ago. s s a mtsperceptin:?
J.E.: The first demonstraton of th~ »ftect
was about 13 vears ago, when peopie at
Bell Labs were working on frequency
d2ubling in crystals. They were putting
intense beams of light into ¢rvstals and
getting, for the most part, spatially
deformed outputs. A nice, clean Gaus-
sian input beam would come out a mess.
They realized that the light was causing
some kind of semi-permanent change in
the material, it was making it into a lens
of some sort, FS. Chen was an early
worker in this ficld and, | pelieve, was
the first person to propose a model of
charge migration as being responeible.
They called this “optical damage”
because it was a pain in the neck. 1t was

‘The ideal crystal has
a large Pockels
coefficient and is very
fast. So far, no one has
come up with such a
crystal.”

annoving and was something they
wished would go awav. In a sense it did
20 away. for the subject was pretty much
dropped after that.

The photoretractive effect was
“rediscovered” about 1979 or 1980 inde-
pendently in the Soviet Union and in the
United States. In the Soviet Union there
was a lot of theoretical work going on,
and people were able to write down a set
of equations to describe the photorefrac-
tive effect and actually solve the equa-
tions in great detail In the United States,
the approach was more experimental. |
was a post-doc for Bob Hellwarth at the
time. and we were working on BaTiO..
One of the other post-docs in the lab was
Don Heiman, who had done his thesis
project on BaTiO; and had access to the
material.

Four-wave mixing had just been
invented by Hellwarth, and we were try-
ing it with evervthing we could think of.
When we got around to BaTiO,, we
found that it worked remarkably well.
We got signals much stronger than any-
thing we had ever seen before, even at
vervy low pump intensities. Up until
then, four-wave mixing had been a high-
power affair; now we were using weak
argon and even helum-neon lasers. The
behavior of the material was, to us, com-
pletely bizarre.

We didn't go to the library and check
the hterature on the material. We just
continued to stumble around, which has
its drawbacks and its advantages. The
main drawback is that it takes vou a long
time to make progress. The main advan-
tage is that vou are not encumbered by
amvone vlse’s thoughts. So we came up
with our own theory to explain what was
happening 1in BaliQ,. Our theory was
completely different from the Russian
one. It turns out that, in <ome limits, the

two theornos azree THatwas o esor 2

e to e doag P sies

L&O: i RN

RIS AR B RN
J.E: Forcuantte D thimk it s ke moeney
more s Better Actuaily 0 peroy or
roughh cne part per mullon

Qe

ing Leieck ke a vood mumimam nume-

ber For guabitv Tdon tknow swohich ane

better, detects ormmpuntios Hovever ot

Dawere desigiing a oarvstal from ~oratch,
impuntes would give me more choces
T were “building” detectsainto BaTiO L |
could leave out a barium. or ] couid leave
out a titanum, or [ could leave vut an
oxvgen. [would have only three choices.
With impurities, I've got 100 elements to
choose from.

Of course, with some materals, the
lattices are 20 denselv packed that it 1s
quite difficult to get impunties in except
to repiace atoms that should be there.
That is, they go in substitutionally rather
than interstitially. Barium titanate is like
that. Other crvstals, like strontium bar-
ium niobate, or SBN, have a ot of room
in the lathce, and vou can wedge evtra
atoms in comfortably without having to
displace native atoms

L&O: Those tico crustils, BaTi) g SBN,
apparently, had the fughest known Dockels
cockicionts scoeral wears ago. Are Hose feo
stadl the preterved materials?

J.F.: Some materials related to SBN have
come into play recently, with sodium or
potassium substituted for some of the
strontium or baritum. So now there are
lots of things to adjust = two-thirds this.
one-sixth that, one-sixth the other, and
so on. There i1s a master crvstal grower at
Rockwell. Ratnaker Neurgaonkar, who
has been working with these crvstals.
These civatals have high Pockels coetfi-
aents, which is one charactenistic cverv-
one wants. The ideal photorefractive
cryvstal has a large Pockels coefficient and
is very fast; so far, no one has come up
with such a crystal.

L&O: Let's move to the spead question, o
porfaps 1t s better desenibed as the rate-ot-
charge-nugration question It wie expect
charges to nuxrate fo e wmal positton m a
gioen e, say 1 racrosecond. wehy do they
take up to e onders of magmtde lenger to
reach the destmations o1 <ome crustals?
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Figure 1. The first image of a cat is
badly distorted because it has passed
through an aberrator (clear glue
smeared on a glass slide). The second
image shows what happens if you
phase-conjugate the distorted image
and pass it back through the same
distorter. For these photos, a self-
pumping BaTiO, crystal served as the
phase conjugator.

J.E.: That puzzled us at first. but we
understand 1t now. What vou are trving,
to do in these experiments is put in a
light pattern and push the charges from
the bright regions into the dark regions.
lucany, you wouid like todoitin one step
- with the light kicking vne charge up,
which then drifts in the conduction
band. and later falls down in a dark
region. If that occurred the process
would be very efficient; the absorption of
one photon would get the job done.

But what happens in BaTiQ, is that
vou kick a charge up, it moves about 100
Angstroms and then it comes down
again. It absorbs another photon and
moves another 100 Angstroms, and so
o It runs out of gas, BaTiQ, is slow
because the typical “hopping” distance s
small compared to the tvpical distances
vou are trving to move the charge, which
are on the order of a micrometer.

L&O: It~ ichere puomp mtensity citers the
pctioe?

J.F.: The brighter the pump beam, the
more photons vou are putting in per
secor 1, which means the more hits the
charges are getting per second.

L&O: Docs that ke it 0 mormentunt ~ort of
reacton?

J.F.: No, it s just a matter of steps. It vou
have to walk rom here to there and 1t
takes 100 steps, and if vou can do the
steps quickly vou will get there faster. If
vou use very weak light and dnibble the
photons in over the period of a vear. it
will take vou a vear to tinish,

L&O: s speed vovsus prtensity a Linear weli-
tronshup ut baruom titanate?

J.F.: No. it is a less than linear relation-
ship because vou waste photons. It every
photon were used the same wav, the
relationship should be linear. If I double
the rate at which linput photons, which
is like doubling the number of steps per
second I take going to the store, 1 should
get to the store twice as quickly. But
some of the photons are wasted. as
though some of the steps didn’t go in the
right direction. More precisely, there are
other levels in the crystal, which we call
shallow traps. The charges get hung up
in the shallow traps, and vou have to free
them. To go back to the walking-to-the-
store analogy, it's like stepping into
m-ad.

But that's not the entire story, either. Tt
also gets muddier as yvou put hight in,
Instead of just having a single level o
impurnties, there is an estra Jevel As
charges begin to populate the upper
level, there are empty spaces below
which can suck up the charges. Instead
of taking a step forward, vou just stay
where vou are,

It's a complicated relationship that
took a long time to figure out. We have
done some experniments recently to con-
firm vur theories. One of my students,
Daniel Mahgerefteh, did a series ot
evperiments to show what the nght
dependence of speed onintensity s, The
theory seems to work well in BaTiO,.

L&O: Hoew avarlable are puiteriils ithe
BaT:(Y, and SBN?

J.E.: Well, how much monev do vou
have? No, actuailvat’'s getting better now,
It used to be that Sanders Assodiates was
the world’s onlv source of BaTiQ .. More
recently, China has been supphang
BaTiQ; crystals to the world. Even <o,
supply cannot meet demand. | think
there is at least a three-month wait for a
sood, big crvstal.

That's unfortunate, because there are
so many interesnng things to trv. People
read about them and want to try them.
They call me and say, “T've got a small
company and would like to do thus-and-
so. Where can [ get a BaTiO, crvstal?”
When [ tell them it swill cost them 93,000
or so for the crystal, that's usually the
end of the conversation, -

As far as SBN is concerned, some is
being grown in the Soviet Union and in
China, and several research labs here are
growing their own. CSK Co. in Les
Angeles sells it.

Other crvstals like BSO and LiNDO-
are photorefractive and are for sale from
vanous sources. But thev lack the extra-
ordinarily large Pockels coefficient ot
BaTiO, that enables vou to do a whole
new class of experiments using stmu-
lated effects.

L&O: Was phase conjugation the tirst
apphcation of photoretraction?

J.F.: Phase conjugation was vne of the
first interesting effects demonstrated in a
photorefractive cryvstal. Bob Hellwarth
and [ did that in 1980. Hellwarth had
demonstrated phase conjugation in
other nonlinear materials previousiy
What made doing phase conjugation
interesting in BaTiO, was that the «tf-
aency was huge. You got enormous por-
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tions of gt pournme back ot vou as
oppesed oo enth of o petcent tem

other noriner” aterils

JLE: Lot~ hon nrst at radinenai phase
comtsaten Wy fouT Y ave Mz anra
nontincar o=l Yo putm g beamvou
want e ocomusate. and vou beat itwith
anoiirer pearr souch Dot cadareterenae
Deam It crder to beat themt tocether
they st Do coherent with cach other,
SOOAOU Make an mensity nterterende
patters in the material = a real-time hojo-
gram. Then vou read out the hologram
with another beam. a third. which s
usually directed opposite to the refer-
ence beam. This beamns dittracted oy the
hologram: and sends light back alony the
direchon of vour onginal input beam.
That fourth beam is the phase conjugate
of vour onzinal nput beam. So. two
beams wnite the hologram, a third reads
the hologram, and the fourth beam is the
signarbeam Dok this used to be calied
three-wave miing because vou are only
putting in three beams, but then the peo-
ple involved deaded tour was more
impressive than three so thev changed
the name

Phace conmjugation is really just
holography in real time. In fact. phase
conjugation was first demonstrated with
holography almost 30 vears ago. but not
in real time. [ believe it was demonstrated
by Henwig Kogelnik at Bell Labs and also
bv Emmett Leith at the University of
Michigan, although | don’t know who
was first.

In self-pumped phase conjugation in
photorefractive matenals, there are two
mechanisms. The simpler one works as
tollows. [Representative results are
shownin Figure 1] You putin one beam
and vou get out a phase-conjugate beam.
And vou think that's magic, because vou
don’t need to put in three beams, as in
regular phase conjugation. But the
answer s that those other two beams are
really there, vou just didn’t put them in.
They were denived from the original
mput beam - sucked away somewhere
upstream and then rechanneled in the
night direction to do just what vou want.

What's especially remarkable is that it
15 S0 €asy to do. It's not like vou have to
carefully design something, think about
ws structure for a long time, machine nt

"The ¢harges get hung
up in shallow traps,
and you have to free
them. It's like walking
in mud.”

precisely and pone at the expermment tor
a vear to Sl omg, You just direct
iaser beam into the crvstal and vou get
one out. The crvstal takes care of the rest

Evenutvoutry to thwart the operation,
vou often cannot. For example, vou look
at the cry«tal, see the beam paths inside
and <ay, “ Okav. | see what's happening,
il just block this beam from internally
reflecting back into the crvstal by putting
a spot of paint on the crvstal’s surface to
spoil the reflection.” It turns out that the
beams will usually outwit vou; thev will
choose some other path. These materials
{ke to phase-conjugate.

Loosely speaking, new paths form
because it is easv for them to do so. In
fact, you can show through a more
ngorous analvsis that the gain of the
entire svstem increases when this hap-
pens. While we understand why new
paths form, we don't vet know why
these new paths are often tilamentary.

L&O: What about the ather type of selt-
pumped phase conugation’?
J.E.: The other kind of self-pumped
phase conjugation is called stimulated
backscattering. With stimulated back-
scattering, vou put in one beam and vou
get back the phase conjugate. There are
no other beams. This is like making a
retlection hologram. If vou could see the
hologram in the cryvstal it is tormed by
the beam vou are putting in and the
beam that is coming back. The grating
planes of the hologram - the stnpes -
lie across the beam, shang it as though
you were cutting a carrot. The hologram
backscatters the light vou are putting in;
the backscattered light interferes with
the incoming beam and reinforces the
hologram to backscatter some more
light, until vou finally reach a steady-
state value,

This etfect was first observed by the
Suoviets in methane gas, by Zel'dovich

and e

Net ey s the

scattored Dutthat v~ oan iy o

tered e beam~aould sebrace woatever

path thoy oty ook e e
VO DU 20 0 PICtire v on Wi

APt Ao dovioh showed e

beam conmros enac by Back e
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than it coes ot anothes directn e
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mage Later Helbwarth shosed s

stimuiated backscattenirng o
t’\d(t.ﬂ\ S hadtor of W andredse in o san

stimuiated backscattering was
observed in BaTiQ: as well, althoush I'm
nat sure it has been observed inany o
the other photorefractive crvstals

To me, the most irteresting phe-
nomenon of all the simulated processes
is called double phase conjugation, dou-
ble-pumped phase coniugation, or
mutually pumped phase conjugation
The third phrasing is probablyv best.

Send two beams into a photoretractive
crvstal. But this time thev don't have to
be coherent with vach uther. Thev can be
from two ditferent lasers. [t simplest to
think in terms of the same tvpe of laser,
so picture two HeNe lasers, made by
different companies. with slightly dit-
ferent cavity lengths so that the vutput
tfrequencies will be somewhat ditterent

What the crvstal does in this case s
take the beam from laser number 1 and
directit back down the bore ot laser num-
ber 2, and vice versa. Al first. vou might
believe that to be impossible, because the
beams are not coherent with each other
If they aren’t coherent, how can thev
interfere? If they don'tinterfere. how car
the crystal keep track of where thev an
coming from? '

But it works. and that's understoed
now, teo. This little gem was invented by
a group in Israel — Baruch Fischer and
his student Shmuel Sternklar T think ot
was also shown independentiv by
Smout and Eason in England

L&O: Are there any obowous applications o
the prmedate fetune?

J.E.: The application that seems to ha
the must people excited 1s interconnec
tion, especially using mutually pumped
phase conugation. If you can intercon-
nect two lasers impinging from two dif-
ferent directions — not all angles work
but wide angular ranges are possible -
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vou have the begmnings of o taephone
<witch

[icture anarray of g thousend tbers
on ope side of the crvstal and another
array of a thousand tiber< on the other
side It vou want to connect tiber number
260 on one side with hiher number ¥2 on
the other. vou just turn on a hitle koeal
laser rom cach one and the crvsial con-
nedts the nye

The problem. sotar s that it oo easy
to connect one B o another. When
VUL I Lo Connect two on the mput side
t two on the vutput side, vach mput
tries to talk to helt outputs. And so on
with larger numbers of inputs and out-
puts. If vou trv to work around that, the
connections begin to get weak. Phase
conjugation works great if vou want fan-
out or fan-in: it doesn’t work so well vet
foran N+ N switch.

The other exaiting area of potential
application lies in neural nets. The ability
to store a lot of holograms on top of each
other. encoded in some way, is quite
enticing,.
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AT TR Lse LT L
J.E.: in an abstrac
like 1> to nnd something new that T had
no idea would happen and no evplana-
non tors The real tun s obsening and
then expiaiming things that vons don't at
tirst understand

In a more practical sense. what would
probably interest tunding agencies the
most 15 1t we could find a wav to make a
material with a large optical nonlineanty
that would also be fast. For just a tew
mulliwatts per square centimeter of light
intensity; the device would reach a very
large nonlinearity very quickiv. It could,
say, reach that point within a microse-
cond or so.

People are starting to get smart about
this. For BaTiO, it takes manv hops to
get where vou want to go. Conversely, in
gallium arsenide the mobilities are much
higher, but the Pockels coefficient is very
small. So people are saving, “Let’s forget
about the Pockels coefficient and look for

t ~ense, what [ would

~ome other wan o change the ndes
it e

Verv recenth, Elsa Garmare and he
student Archin Parton g at USCoand oa.
workers at Hushes = Narvn Klem an,
Guorge Valiey = collaborated in this ares
Thev tound that it they used Ga A~ ngh
near its bandwap. the electric teid mad:
by the charges atter migranons woul,
aiter the absorption of the cnv~tal Bug
vou alter the absorption, veu must ais
change the indevy of retraction. by tis
Kramers-Kromg relation. In their work
the change in the index of refraction wa-
apprecable. So. they were abie to see &
relatively large beam-couphng effect i
GaAs by ignoring the small Pockels
coetficient and using another effect

Other people are working with
“designer” molecules., where charge-
can migrate very quickly and easilv o
conjugated polvmer backbones. Once
the charges have migrated, the electrni
fields may significantly alter propertics
of the material. This field 1s sall in its
infancy, but it looks very promising.

specializes in growing various oxide
single crystals including LINbO;, LiTaGs,
YIG and BaliQ, for acousto-optic, electro-
optic and magneto-optic applications. And now
we offer expanded '
precision doped Fe:LiNbO3 for volume holographic
storage applications. We also fabricate single crystal micro-
optics for unique fiber-optic coupling applications, as well as
offering custom crystal growth services.

60 Harding Avenue, Dover, New Jersey 07801
(201) 361-2222 — Telex: 136-170 — FAX (201) 361-0722

cers of high
quality single
crystals and cus-
tom fabricated optical
elements since 1972.

Deltronic Crystal Industries

rowth and fabrication of
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